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INTRODUCTION 
D. Woods Thomas 
Associate Dean and Director 
International Programs in Agriculture 
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It is a distinct professional and personal pleas1;l~e to weIco~e you to Purdue University 
as participants in this Conference on Sorghum NutntIonal QUalIty. 
The overall pU!p0se of th~ Conference is to de.velop a state-of-the-.art anal~si.s .o.f 
advances in the nutritIonal quality of sorghum. In this process, the techmcal. possIbIlI~Ies of 
developing high nutritive value sorghums will surface. The need and potentIal effectIve 
demand for such sorghums from the human nutrition, animal nutrition and development 
points of view may be assessed. These, indeed, are important objectives. 
As I look about this room, I see a panorama of plant breeders, nutritionists, 
agronomists, economists, biochemists, research administrators and others from leading 
research institutions around the world. More importantly, this set of conferees is made up 
of experienced scientists, each of whom is highly knowledgeable in disciplines and specific 
subject matter areas essential to the achievement of the multiple objectives of the 
conference. 
The fundamental global problem to which this Conference is directed has been a 
matter of deep seated concern to me for many years. 
As a young man still in his teens, I had the opportunity of observing, firsthand, 
problems of people in a number of areas of the southwest Pacific, the Philippines and other 
island nations of the central Pacific. Upon termination of World War II hostilities, I had a 
similar opportunity in mainland China. Since the completion of my formal education, I have 
spent the bulk of my professional career working in one way or another on development 
problems in Latin America, Africa and other poor regions around the globe. 
One of the "universals" across this spectrum has been the relationship between 
poverty, malnutrition, the quality of life and bonafide development of the human race. The 
extended bellies, emaciation and other obvious signs of malnutrition which I observed as a 
youth in war-tom urban centers, rural areas, military prisons and civilian internment camps 
of the Pacific region are duplicated among the impoverished and otherwise disenfranchised 
wherever they are found. I was surprised, but shouldn't have been, when I learned that the 
"extended belly" syndrome had a name - kwashiorkor. While I still have trouble 
remembering how it is spelled, I have no trouble knowing what it means to poor people and 
to their opportunities for improved quality of life. 
Given the above, it should be no surprise that I was and continue to be enthralled and 
heartened with the discovery of high lysine maize by Ollie Nelson, Ed Mertz and Lynn Bates 
and, later, the discovery of high lysine sorghum by John Axtell, his students and colleagues. 
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I speculated that these discoveries would lead to technical innovations which would 
have significant global impacts on human nutrition, livestock nutrition and the acceleration 
of agricultural development and the alleviation of poverty in the poor nations. I speculated 
that these same discoveries would contribute importantly to increased efficiency of 
agricultural production in the United States and other industrialized nations. I also 
speculated that all of this would lead to improvements in human nutrition and economic and 
social well being on a global scale. 
To my consternation, nothing of global importance seems to have happened. High 
lysine maize has not replaced "normal corn" in the industrialized nations nor in the 
developing nations. Equally, high lysine sorghum has not been widely utilized in the 
developing nations nor in the industrialized nations, either for food or for feed. 
Despite all of this, the potential is clearly present, the need is certainly there and 
effective demand for such mIght surface strongly under appropriate economic and technical 
circumstances. And, I continue to believe that this so far largely latent potential will turn 
out to be an important force in the eventual alleviation of hunger and malnutrition on a 
global scale. 
I hope that, among other important things, you will find time during the conference to 
concentrate on an examination of why "not much has happened." I would hope that the 
highly knowledgeable group convened here will examine this issue from the perspectives not 
only of scientific and technical research but also those of human and animal nutrition, 
economics, public policy and the like. This group is in position to make objective 
determinations and estimates of what it will take to make all of these important things 
happen! 
We are truly pleased that you are here to participate in this Conference. It will, I 
believe, someday, be considered a turning point in interest and in dedication to the 
improvement of the nutritional quality of sorghum and other cereal grains. All of this will be 
realized, I am sure, along with its attendant impact on the well-being of people on a global 
scale. 
PURPOSE OF CONFERENCE 
Robert Schaffert 
Senior Agronomist 
Office of Agriculture 
Bureau for Science & Technology 
Agency for International Development 
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Twenty-three years ago, in 1967, I arrived at Purdue University as a Graduate 
Instructor. The opaque-2.mutant of maize with improved nutritional valu~ had. recently 
been identified. The prevIOus year ALD. had made a grant to Purdue Umverslty to 
improve the protein content and quality of sorghum, the cereal with the lowest level of 
protein quality. I had the opportunity to be associated with that pro~ect for the next five 
years working with Dr. R.C. Pickett and Dr. J.D. Axtell. Since that tIme I have followed the 
progress made here and at other institutions, in improving the nutritional quality of both 
sorghum and maize. In my opinion, the time is ripe to take the advances made in improving 
sorghum quality, from the past 25 years, and wrap them up all in one package. 
The purpose, very simply, of this conference is to make a state-of-the-art review of 
sorghum nutritional quality, determine the technical possibility of developing a ''high 
nutritive value sorghum" (HNVS), the need of a HNVS from a human nutrition point of 
view, from an animal nutrition point of view, from a developmental perspective, and 
estimate the cost effectiveness of such an endeavor. But, the purpose in reality is more; we 
are bringing together, maybe for the first time, agronomists, nutritionists, economists, 
biochemists, administrators, and others to discuss a problem that has been on the horizon 
for the last quarter of a century. 
During the last 25 years we have witnessed a "revolution" in the technology and state-
of-the-art of improved cereall'rotein content and quality and the related nutritional or 
biological value. During this tIme, the technology in maize quality has come just about a full 
circle. In 1964 the improved nutritional qualities of the high lysine opaque-2 endosperm 
mutant of maize were heralded around the world and was expected to improve the diet of 
millions. Soon the negative agronomic qualities dampened the expectation of the opaque-2 
mutant. 
However, there were scientists and supporters that believed that the negative aspects 
of the high lysine endosperm mutant could be overcome to produce an agronomically 
acceptable product and maintain the improved nutritional value. Under UNDP financing, 
CIMMYT excelled in developing maize germplasm with high lysine and high tryptophan 
content in normal vitreous endosperm grain. This was christened, quality protein maize or 
QPM. Personally, I have been disappointed with the rate of adaptation and utilization of 
QPM. Admittedly, there are some technical problems and ex:penses involved in getting this 
outstanding product into the hands of the millions of malnounshed and undernourished 
potential consumers. The potential cost/benefits ratio is extremely positive. The largest 
mvestments have already been made. 
As in maize, a tremendous volume of technology has been generated durin~ the past 
25 years relating to the improved nutritional quality of sorghum grain. Since that tIme a 
number of technological advances have been made in understanding more about sorghum 
protein and grain digestibility and developing improved sorghum cultivars. Some of the 
principal advances have been: 
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the identification of naturally occurring and induced high lysine sorghum endosperm 
mutants, 
the confirmation that high lysine is associated with a reduction in the prolamine 
(kafirin) protein fraction, the lysine poor fraction, 
digestIbility differences have been associated with different protein fractions, 
improved sorghum grain digestIbility is associated with increased lysine content, 
the development of vitreous endosperm sorghum germplasm with improved lysine 
content, 
the association of high tannin content with reduced protein digestIbility, 
greater understanding of the effects of tannin content on biological value, 
identification of flavan-4-ols (low molecular weight flavanoid phenols) and their 
effects on grain mold and bird resistance, 
great influence of cooking and other types of food preparation on sorghum 
digestIbility, 
identification of traditional methods of food preparation to detoxicate tannins and 
improve sorghum digestibility, 
identification of low tannin sorghum germplasm with bird resistance, 
and many, many more research and technology advances. 
Today, just as in 1964, there are approximately 500 million people that depend upon 
cereals like maize, sorghum, and millet for their mainstay, that don't have the option of a 
properly balanced diet and probably won't have a balanced diet in the near future. These 
people can tremendously benefit from the advantages of QPM or a similar type of sorghum 
or millet. 
Rations for swine, poultry, and other farm animals made from improved cereals such 
as QPM are also superior and/or less expensive. Improved cereal quality of feed grains can 
also improve the diets of the poor and undernourished rural and urban millions by making 
animal products available and more accessible. 
The objective this week is not to dwell upon the development potential of QPM; that 
needs to be done at another time. Hopefully, working with interested parties that could be 
on the agenda for next year. Our major purpose is to review the state-of-the-art of sorghum 
nutritional quality. We want to determine the technical and economic viability of 
developing a high nutritive value sorghum. The intent is to be able to capitalize on the 
lessons learned from other cereals and apply them to sorghum. One advantage of HNVS, 
once developed, would be that it would retain its genetic purity when distributed to farmers, 
since sorghum is a self-pollinated crop. On the third day of this conference we expect to 
summarize the needs, priorities and impact of sorghum nutritional quality research and 
chart a path for future development. 
5 
Todar, the major emphasis for agricultural development seems to be on "sustainable 
agriculture'. This term has different meaning for different groups. For many, the emphasis 
is on environment and natural resources and for others the emphasis is on the production of 
sufficient food and fiber for today and tomorrow. We must remember that the 
improvement of food quality and the associated improved efficiency of biological conversion 
and utilization is a very significant component of all definitions of sustainable agriculture. It 
may not get the same space in the headlines as "global climate change" or "natural resource 
enhancement" but it definitely contributes to the sustainable agriculture theme. 
I would like to thank Purdue University, and especially Dr. Woods Thomas of the 
International Programs in Agriculture, for their support of this conference, the Sorghum 
and Millet Collaborative Research Support Program (INTSORMIL), and the National 
Grain Sorghum Producers Association for co-sponsonng this conference with the Agency 
for International Development. Also, I would like to thank Dr. Gebisa Ejeta, Chairman of 
the organizing committee; Dr. John Yohe, Director of INTSORMIL; Dr. Uoyd Rooney, 
Professor of Food Science at Texas A&M University, Ms. Katy Ibrahim of the Office of 
International Programs in Agriculture at Purdue University, and fellow members of the 
conference organizing committee. I would also like to recognize Drs. Larry Butler, Allen 
Kirleis, Ed Mertz, and John Axtell for their support and suggestions. 
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THESORGHUMPRODUCERS~SONSORGHUMQUAUITYUMPROVEMENT 
Dr. L W. Rooney 
Representing 
National Grain Sorghum Producers Association 
Abernathy, Texas 
First of all, I bring you greetings from Mr. Jack Eberspacher, Executive Vice 
President, Grain Sorghum Producers Association. He is extremely sorry he cannot attend 
this important conference. However, he is currently leading an effort to restore optimum 
funding levels for sorghum producers who enroll in Federal Crop Insurance protection. I 
will briefly summarize GSPA's comments on sorghum quality. 
We are pleased to participate in this most important workshop on sorghum nutritional 
quality improvement. We in the GSP A have had a long term campaign to demonstrate 
domestically and internationally that the feeding value of properly processed sorghum . 
approaches that of yellow com. The price of sorghum is directly related to the feeding value 
of sorghum relative to corn, so we have a very important economic incentive to encourage 
sorghum nutritional improvement along with increased yield. 
The Grain Sorghum Producers Association and others have demonstrated that 
modem U.S. sorghum hybrids have at least 95% the value of yellow com for all species of 
livestock. Obviously, the price of sorghum is related to its value compared to com. Any 
development that increases the feeding value of com affects sorghum prices. Thus, we are 
very interested in obtaining sorghum hybrids that are equal to or better than com in feeding 
value. 
Our experience with sorghum in international and domestic markets indicates that 
sorghum marketing can be improved by changes in the grading system, by development of 
mold resistant white seeded, tan plant hybrids with improved processing properties, e.g. 
faster water uptake, easier processing via steam flaking. We recognize the past 
contnbutions of research to improve sorghum quality and encourage continued, expanded 
efforts to improve sorghum qUality. 
The GSP A has, through Mr. Ralph Olsen, worked hard to change the grading 
standards for sorghum. Hopefully in 1991, the classes of sorghum will be: 1) sorghum, 2) 
white sorghum, 3) tannin sorghum and 4) mixed sorghum. Tannin sorghum has a pigmented 
testa and replaces the brown sorghum class. In addition, no more than 3% of tannin 
sorghum (brown) is allowed in the sorghum class. GSP A thinks these classifications will 
more clearly differentiate between sorghums with condensed tannins and those without. 
Under this system, the white, cream or true yellow endosperm sorghums could be classified 
as sorghum or white sorghum depending upon market needs. 
GSP A is trying to restrict the level of foreign material and broken kernels allowed in 
#2 sorghum from 8% to 6%. Currently this proposal has not been accepted by the grain 
industry. We believe that cleaner sorghum would assist us in competing for export markets 
where the Australians have been cleaning their sorghum prior to export. More efforts to 
enhance the image of sorghum as an economical feed grain are required. 
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We need white seeded, tan plant sorghum hybrids to produce grain to enhance our 
export and domestic markets. For example, in Southeast Asia often notDlore than 15% 
sorghum is used in feeds to avoid the dark brown reddish color. White sorghum would 
permit an all sorghum ration or at least up to 75% sorghum as the cereal. This requirement 
is mainly an esthetic one. Farmer-feeders prefer the appearance of a light colored ration. 
Thus, only limited amounts of red sorghum are used in typical formulated rations even 
though sorghum would often produce a less expensive ration with the same nutritional level. 
The domestic broiler industry no longer uses sorghum during the last five days prior to 
slaughter because of black specs from sorghum, which became important recently because 
of changes in the USDA's inspection procedures. The glumes are retained in the body 
cavity, leading to significant rejections of broiler carcasses by USDA inspectors. Sorghum 
with tanlstraw colored glumes and a white pericarp would probably eliminate the problem. 
To sum it up, we in GSPA have been very concerned about sorghum quality over the 
past 30 years and have developed significant new markets for sor~um by demonstrating its 
good feeding value relative to com. The information on the relatIOnship between tannins 
and nutritional value of sorghum generated by USAID funded research has been used to 
educate our customers about sorghum quality and how it has been improved significantly 
through research efforts. We are looking forward to continued cooperative efforts to keep 
sorghum nutritional value equal to or even better than com. The development of white 
sorghums with improved food properties, e.g. tan glumes is of direct importance to sorghum 
producers and could help us enhance domestic and international markets. 
We are looking forward to continued cooperative efforts. Continued improvement in 
sorghum is of great significance to all grain sorghum producers. 
Thank you for the opportunity to participate in this conference. 
IMPORTANCE OF SORGHUM ON A GLOBAL SCALE 
A. Bruce Maunder 
DeKalb-Pfizer Genetics 
Lubbock, Texas 
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Sorghum, the fifth largest cereal, has of recent years been grown on approximately 45 
million hectares with a production of 60-70 million tons (F AO, 1980, 1988). It is grown 
under two different farming systems (Group I) and (Group II) (FAO, 1988b). Yields in 
group I range from 0.5 to 0.7 tonslhectare and relate to developing countries. Yields in 
~oup II range from 3-5 tonslhectare and although primarily in developed countries it 
mcludes some developing countries, particularly in Latin America. Out of the world 
sorghum area, over 80% is cultivated in developing countries with current yields worldwide 
being 1355 kg/hectare (FAO,1988). Sorghum is considered the second most important 
cereal after maize in Africa south of the Sahara. 
World production expanded from 40 million tons at the beginning of the 1960's to 
over 70 million tons in 1981. Most recently (1988) production has dropped back to 62 
million tons. Many factors affect the volatility of production - perhaps the most significant 
being the use of this crop under often stressful conditions such as in the semi-arid tropics or 
Great Plains of the United States. In the developing countries, with the exception oflndia, 
Thailand, Zimbabwe, Nicaragua, and Colombia the use of hybrids remains negligible. 
Current area, yield, and production figures may be found in Table 1 and Figure 1, with 
trends between 1978 and 1988 in Figure 2. Asia and Africa remain the largest producing 
areas with 19,241,000 and 17,556,000 hectares, respectively. Mexico has recently surpassed 
South America in production and yield. Other regions showing a positive trend comparing 
1988 to 1978 are Australia and Africa. Negative trends appear for South America, Europe, 
and except for yield, which is flat, Asia. The U.S. shows increasing yields and production but 
has recently seen the smallest area planted since the use of hybrids. 
Table 1. Worldwide status of sorghum, 1988. 
Area Yield Production 
ha kg/ha ton/ha 
U.S.A. 3663 4005 14670 
Mexico/Central America 2269 2674 6067 
South America 1846 2724 5029 
Africa 17556 870 15280 
Asia 19241 958 18427 
Australia 746 2191 1635 
Europe 138 3825 526 
World 45590 1355 61787 
-; 
Figure 1 1988 Status of Sorghum 
: 0--. ~ '~"'. ~ .' ~9.c:.;~~O'.' \. World 
45590 ha 
1355 kg/ha 
61787 MT 
o tl~ 
o <iQ -'::- (I 1:t?0 
GO 
Figure 2 1988 Status of Sorghum 
Compared to 1978 
l 
-
~ .~.~". ~ .' ~ cJrJ' .... ~o. 0' , ~c::. •• O. \ W :~ 
o 6' 
, 
, 
.-.. 
WORLD 
Hectares , 
Yield , 
Production , 
o O·(}l·~!· " 
cr:if0 
11 
As already indicated, sorghum is the fifth lar~est cereal following wheat, maize, rice 
and barley (Table 2) (Schaffert, personal commurucation). Not only does sor~um rank 
fifth for all categories of area, yield, and production it also shows the smallest mcrease for 
production at 2.4% for the 20 year period from 1961-65 to 1981-85 while maize shows the 
largest increase at 3.6%. The absence of, or inadequate policy support, e.g. price and 
marketing structures along with physical constraints, result in sorghum being considered a 
subsistence crop in many developing countries. As such, necessary inputs for increased 
production are less likely to be a component of the resource management strategy. 
Table 2. Sorghum related to wheat, rice, barley, and maize (1987). 
Hectares Yield Production Increase· 
(000) (kglha) (tons (00) (%) 
Sorghum 43,828 1,346 58,978 2.4 
Wheat 220,689 2,342 516,780 3.4 
Rice 141,051 3,221 454,320 3.1 
Barley 78,741 2,267 178,518 3.2 
Maize 127,605 3,757 457,365 3.6 
• Rate of increase for production from 1961-65 to 1981-85 . 
Mexico and Central America. Sorghum, the feed crop in Mexico, has risen from 0.1 million 
to 2.0 million hectares within the past 25 years, with the area devoted to this crop doubling 
in the past 20 years, increasing at 3.4%. Average yields for 1985-87 were nearly double the 
traditional grain, maize. Recently, however, two opposing factors may be offsetting any 
major change in the relationship of those primary coarse grains (RobISon, personal 
communication). First, maize, which is only 15% hybrid in Mexico, faces a major water 
shortage which could reduce the area planted. Second, the government added a 25% 
support price for maize to encourage Its production. Mexico, even with substantial 
increases in sorghum, remains the second most important feeder of this crop and the second 
largest importer of the crop for that purpose. 
EI Salvador, Nicaragua, and Guatemala are other principal producing countries with 
7, 90 and 30% hybrid sorghum, respectively. Sorghum in Honduras is mostly of a local type 
called maicillo criollo with some 40% of that country's crop used for food and only 9% in 
hybrids (Cucalon, personal communication). These local varieties are currently receiving 
considerable attention in breeding efforts by INTSORMIL, ICRISAT, and the Honduran 
government program. 
South America. Argentina, Venezuela, Colombia, and Brazil are the primary sorghum 
producing countries but the area in Argentina, the leading country, has dropped to 1/3 of 
the area five years ago. Soybeans moved the Argentine combelt west which in turn moved 
sorghum into more arid, lower yielding areas or merely reduced the area planted. 
Transportation costs for a heavily exported crop became prOhibitive where the grower was 
already faced with a significant government export tax. The current administration 
(Menen), however, realizing this dilemma and badly needing export dollars, reduced this tax 
for a somewhat more favorable price incentive. Argentine exports are also hampered by the 
high percentage of the crop haVIng high tannin. Still the area planted has remained low and 
production has been reduced by two consecutive years of drought in the west. 
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Brazil offers considerable opportunity for expansion such as in the more arid 
northeast or on the acid soils to the north, the cerrados, which join the similar soil condition 
found in the llanos of Colombia and Venezuela. Biotechnology, through the genetic 
transformation of high tolerance to acid soils, could open up this vast expanse to a much 
increased feed/food grain production in the future as demand increases. Currently, 
however, maize remains a very dominant crop for the Brazilian economy. Both Colombia 
and Venezuela have the unique capacity to produce hybrid seed in an equatorial 
environment. Also, both countries have significantly increased their area planted to 
sorghum the past 20 years. 
~. Nigeria, Sudan, Ethiopia, and Burkina Faso are the leading producing countries 
with sorghum providing some 45% of the caloric cereal intake in the latter country. Yield is 
tending to show a long term decline but data seems inconsistent and undoubtedly reflects 
estimates at best. In West Africa sorghum seems preferred over maize which is also true in 
Ethiopia, Sudan, and Egypt. To the contrary, in the south and southeast of the continent the 
area planted to sorghum is dropping in favor of maize. Oil crops such as sunflower in Sudan 
and soybeans in Nigeria could very well compete for the area of sorghum production just as 
they have in Argentina. 
Soils in Sahelian Africa are shallow and of low phosphorous levels as well as water 
holding capacity. In three fourths of the continent sorghum could use more acid soil 
tolerance for normal root growth. Although several countries have active hybrid breeding 
programs in place, quality standards for food requirements are hard to meet. Additionally, 
sor~um to be productive frequently must overcome the parasitic weed, Striga. In summary, 
Africa, the most likely center of origin for this crop, has made by far the greatest impact on 
sorghum improvement on a global basis through use of its diverse range of germplasm. The 
yellow Kauras and Korgis, for example, have provided new levels of both nutritional and 
agronomic improvement. 
Asia. Although the area planted to sorghum of a grain type is decreasing significantly new 
interest appears to be developing for forage sorghum in countries such as India, Pakistan 
and Japan where in this latter country farmers find sorghum performance superior to maize 
on rice diversion land. China plants two million hectares of sorghum with some 60% 
hybrids. The Yemen Arab Republic grows sorghum on some 610,000 hectares. Thailand 
grows this crop for grain during the dry season with perhaps 30% of the 240,000 hectares in 
hybrids. . 
The annual coarse grain production per capita, as recently as 1970, ranged from 160 to 
200 kgs in Africa, China, and India. Some 20 years later India has remained static while 
China has increased by 1/3 and Africa declined some 20% (Brown, 1988). 
U.S.A and Australia. Both countries are essentially growing 100% hybrids of this crop and 
almost all is for feed either internally or as an export crop. Most is grown on dryland with 
perhaps some 15% of the U.S. area irrigated, but even then often in a relatively reduced 
amount as opposed to 30 years ago when water was more available and much less costly to 
pump. At this time there was a strong movement of the cattle feeding industry to the High 
Plains with some 30% in the milo belt by 1968. As recently as February, 1990, cattle 
numbers suggest this area to be feeding nearly two-thirds of the U.S. feeder cattle. Also, 
during this period sorghum has gone from a rating of 88% of the feed value of com to its 
current 95% as reported by the National Research Council. 
Yields of sorghum in the U.S. went from the 10-20 bushel range per acre (629-1258 
kgfha) Erior to hybridization to the 60-70 bushel per acre (3774-4403 kg/ha) range by the 
1980's (Figure 3). From 1940 to 1970, some 30 years, there was a 4.44 increase in yield 
compared to 3.25 and 2.31 for com and wheat, respectively, during that same period. 
13 
The early hybrids, as with varieties, were essentially all red seeded with a white 
endosperm. Now most sorghums are hetero-yellow (bronze or cream) or yellow in color 
with varying degrees of yellow endosperm. Hybrids have also evolved to a more corneous 
endosperm with a resulting higher test weight. These changes have occurred not so much to 
intentionally raise the nutritional level, although that objective is valid and desirable, but to 
increase yields as well as tolerance to moisture and heat stress. Both Australia and the U.S. 
have a climate conducive to producing high quality food types should the proper economics 
exist. 
Food or feed. The share of sorghum for food has continuously declined. By the mid 80's 
some 60% was fed to animals and only about 30% went to human food. At the beginning of 
the 60's over 50% went to food and 40% toward the middle of the 70's (F AO, 1988). 
Consumption of sorghum as animal feed more than doubled since the early 60's while the 
volume of total food use remained roughly unChanged. The feed use surpassed food use for 
the first time in 1966. World feed use of this crop has risen from 15 million tons to 40 
million tons over the past 25 years - an average growth of 4% per annum. Interestingly, six 
of the eight countries in the world which consistently produce more food than they consume 
are significant sorghum producing countries. Comparisons for the 20 year period of 1965 to 
1985 show little change m feed use for the U.S. but a significant increase for Mexico and 
Japan and more than double for the world totals (Table 3). 
Table 3. Sorghum utilization as feed over 20 years. 
United States 
Mexico 
Japan 
Argentina 
U.S.S.R. 
Others 
World 
1961-1965 
11.5 
0.5 
0.7 
0.9 
0.1 
3.5 
17.2 
(million tons) 
1981-1985 
12.6 
8.0 
3.4 
2.6 
2.3 
7.5 
36.4 
Although global consumption of sorghum as food has sta~ated there are 
considerable regional differences. From the mid 60's to mid 80 s Africa experienced a 50% 
increase in food utilization but per capita consumption declined from 20 kg to 15 kg per 
year. Likely causes: urbanization, time and energy required to prepare food from sorghum, 
inadequate domestic infrastructure, poor marketing and processing techniques, unstable 
supplies, lack of readily available products, including flour, compared with other foodstuffs. 
Consumption in rural areas remamed more stable. 
The demand for sorghum for food is expected to remain strong in those countries 
where there are limited possibilities to produce alternative staples to sorghum. The 
traditional sorghums sector needs policies which provide adequate price incentives to 
farmers as well as stability of prices. 
· HISTORICAL SORGHUM YIELD 
5 
-
4 U 
as 
-
", 
.a 
3 
0 
0 
0 
<pO 
2 
-
C 
..J 
W 1 > 
0 
50 80 70 80 90 
YEAR 
FigUre 3 U.S. grain sorghum yields from 1950 through 1989. 8 
8Data prepared by D. R .. Krieg, Texas Tech University, Lubbock, Texas 
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Soq~hum ~orts. The world market for sorghum represents about 6% of the global trade 
in cereals. able 4 and 5 suggest the export activities of both Argentina and Australia to 
have decreased to 1/3 and 4/10 of their 1985/6 activity, respectively (Goldamer, personal 
communication). Argentina's principal markets in recent years are lapan and the U.S.S.R. 
while Australia ships predominantly to Japan, as well as Taiwan. To the contrary, U.S. 
exports have doubled since 1985/6, going from 4.1 million metric tons to 8.1 m.t. in the 88/9 
trade year (Table 6). Whereas Japan, Mexico, and Venezuela are the principal markets for 
the U.S., and a significant reason for this dramatic increase, one cannot overlook the new 
market development listed in Table 6 as "Others" which includes Korea, Tunisia, Jordan, 
Morocco, Eastern Europe, Ecuador, and the European Common Market. Saudi Arabia, 
depending on the continuation of highly supported wheat prices, could also become a future 
major market for sorghum. 
Table 4. Argentina exports of sorghum 1985-86 through 1988-89. 
1985-86 1986-87 1987-88 1988-89 
(million metric tons) 
Total 2.2 1.0 1.2 .7 
Japan 1.601 .694 .943 .360 
U.S.S.R. .144 .058 .154 
Taiwan .163 .100 .024 
Mexico .225 .022 .042 
Cuba .030 .035 .071 
Others .067 .096 .156 .115 
TableS. Australia exports of sorghum 1985-86 through 1988-89. 
1985-86 1986-87 1987-88 1988-89 
(million metric tons) 
Total 1.1 .640 .600 .400 
Japan .855 .594 .500 .272 
Taiwan .184 .042 .042 
Africa .025 
Other .006 .004 .100 .084 
This export growth by the U.S. offers many opportunities. In 1988 some 24% of the 
world's sorghum crop was produced in this country on only 8% of the world's sorghum area. 
The capacity to produce more obviously exists, considering 1988 was a record low year for 
area planted to sorghum in the U.S. Additionally, the success of the green revolution with 
wheat and rice cannot be repeated quickly in the semi-arid tropics where much of the 
world's sorghum crop is planted. Also, the U.S. may be in a better position to supply the 
increasing market for coarse grain in Eastern Europe because of the highly supported 
common market price structure. 
Table 6. U.S. exports of sorghum 1985-86 through 1988-89. 
Total 
Japan 
Venezuela 
Mexico 
Israel 
Taiwan 
Others 
1985-86 1986-87 1987-88 
4.1 
2.182 
.726 
.372 
.493 
. 244 
.083 
(million metric tons) 
5.1 
2.508 
.782 
.788 
.229 
.598 
.195 
6.1 
2.388 
1.731 
.833 
.366 
.090 
.692 
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1988-89 
8.1 
2.634 
1.036 
2.256 
.415 
.073 • 
1.686 
• Includes Korea, Tunisia, Jordan, Morocco, Eastern Europe, Ecuador, EC-12 . 
Summaty. Efforts within the U.S. to provide a quality product of the highest possible 
nutritional value suggest sorghum to have excellent possibilities for the world coarse grain 
future. Likewise, international agricultural programs such as ICRISAT and INTSORMIL 
are increasingly making their presence felt in the developing countries with emphasis on 
improving the food and production aspects of sorghum. 
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RELEVANCE OF INTERNATIONAL SORGHUM AND MILLET RESEARCH 
TO U.S. AGRICULTURE 
J. Yohe 
INTSORMll.., University of Nebraska 
Lincoln, NE 
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There are no major food or feed grain crops which are indigenous to the United States 
or Canada. All of the major crops which are commercially grown in the United States were 
introduced from other parts of the world. Grain sorghum and pearl millet which will be 
discussed at this meeting both have their centers of origin in Africa. Sorghum is a crop with 
extreme genetic diversity, but an overriding characteristic is its tolerance to heat and 
drought. Sorghum is a very important crop in the dryland areas of the U.S. As a result of 
this tolerance sor~um has emerged as a feed grain in the dryer regions of the U.S. It is 
grown with and WIthOut irrigation in areas where it is too hot and too dry for maize. Since 
1983 acres of harvested sorghum has varied from 10.0 million acres, to 16.8 million acres in 
1985 and then down to 11.1 million acres in 1989. 
Introductions provided for the base for starting sorghum production in the United 
States, but the germplasm base was narrow. Almost all of the improved varieties grown 
commercially in the U.S. before the advent of hybrid sorghum onginated from about 20 
sorgo and 8 or 9 grain sorghum introductions. The commercial production of sorghum 
hybrids was initiated in the 1950's following the discovery of cytoplasmic male sterility and 
fertility-restoring genes. At that time, pureline varieties already being grown commercially 
were used as parent lines in the sorghum hybrids. Today the entire sor~um acreage in the 
U.S. is planted to hybrid sorghums marketed through 20 - 22 U.S. and mternational seed 
companies. To date only forage pearl millets are grown to any extent in the U.S. No pearl 
millet grown for grain is produced. 
The first internationalization of sorghum research was initiated by J. C. Stephens and 
J. R. Quinby with the USDA/Texas A&M University sorghum conversion program. 
Sorghum introductions from tropical climates into temperate climates are almost always too 
late to mature seeds and too tall to be harvested with modern machinery. These facts and 
the growing concern about the narrow genetic base of U.S. sorghum hybrids led to the 
development of the sorghum conversion program. This activity takes tall, late-maturing, 
tropical varieties from the world collection and converts them into short, day-neutral 
genotypes adapted to the temperate climates. Only genes for height and maturity have been 
changed. Four hundred twenty three lines have been released from the conversion program 
since its inception in 1963. The initial lines were released in the late 1960's. 
Then in the late 1960's and early 1970's, the Agency for International Development 
funded a sorghum protein quality project at Purdue University, Rockefeller and the AI.D. 
funded a sorghum physiology project at the University of Nebraska, an AI.D. pest 
management project at Texas A&M University and a millet improvement project at Kansas 
State UniversIty. These activities were all folded into the AI.D. sponsored "Sorghum/Millet 
Collaborative Research Support Program (INTSORMIL)" in 1978. 
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We are looking today at a history of 20 - 25 years of international experience in 
sorghum research. These endeavors not only have contnbuted to alleviation of food crises 
during the African droughts of the 1970's and the 1980's but they have also made significant 
contributions to U.S. sorghum production and utilization. These benefits to the U.S. are 
summarized here. 
Germplasm improvement. Ylllli!. Since the 1970's international collaborative research has 
contributed to all public land grant experiment station sorghum line releases from the 
universities of Texas, Mississippi, Nebraska, and Purdue. 'the sorghum lines from the 
USDA!fexas A&M University conversion program have been a driving force for 
improvement. Sorghum yields have increased about 320% since the advent of hybrid 
sorghum in the 1950's. Today there are about 22 companies which produce and market 
hybrid sorghum seed. Five to six of them develop their own inbred lines. Five to six medium 
size companies use advanced populations and public released lines for puttin~ hybrid 
combinations together. About 10 small companies combine public released lines to produce 
their hybrid seed. The U.S.public institutions are basic to maintaining the industry. The 
contnbutions of the international infusion of germplasm is essential to the continued 
dynamics of this industry. 
Disease and insect resistance. International sorghum research has contributed significantly 
to the knowledge and resistant germplasm base for diseases such as downy mildew, 
anthracnose, charcoal rot, viruses and others. International involvement at INTSORMIL 
institutions provides the networking that keeps abreast in pathogen development and 
distribution before it becomes a significant problem in the U.S. 
INTSORMIL research continues to contnbute to identification and incorporation of 
new sources of insect resistant inbreeding lines and populations. Midge and green bug, 
sugarcane aphid and yellow sugar cane aphid are insect pests economically important to 
sorghum. There are known sources of genetic resistance to midge and green bug. Yellow 
sugar cane aphid is an occasional pest on sorghum in the south. It attacks sorghum and 
decimates the plant. It only takes a few aphids to reduce yields. Three resistant lines have 
been identified from Ethiopian germplasm. Sugar cane aphid is not a problem in the U.S. 
now, but it is in Central America. INTSORMIL research has found sources of resistance 
from African germplasm which was screened and identified through INTSORMIL 
collaborative research in Botswana. In 1981 newly converted lines were demonstrated to 
have resistance to stored grain insect pests. The mechanism for this was primarily 
endosperm hardness. The Banks grass mite attacks sorghum in certain dryland 
environments. Research through Texas A&M University/INTSORMIL has demonstrated 
that resistance to this pest is closely related to post flowering drought tolerance in sorghum. 
Acid soil and aluminum tolerance for the south eastern United States. This has come from 
the collaboration with the Colombia, South America program. 
Food quality sor~hums. These are used for production of alcohol and dry wall starch in 
industry and as feed for cattle, poultry and swine in domestic feed and for the export market 
to Japan and Taiwan. The Asians do not want the darker, reddish colored feed made from 
red and brown sorghums. They prefer the lighter colored feed made from the newer white 
food and yellow endosperm sorghums. Orrin Webster introduced the yellow endosperm 
sorghums to the U.S. from Nigeria in the 1950's. The international linkage has made a 
tremendous contnbution of germplasm to the potential high yielding hybrids which are 
becoming available. 
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BreedinK prolUams. The breeding programs of Drs. Darrell Rosenow and Gebisa Ejeta are 
known world wide for their contnbution to development of drought resistance in sorghum. 
This research continues to contnbute new germplasm for hybrid development which will 
benefit all sorghum growers in the U.S.who produce under low rainfall conditions. 
The U.S. sorghum public institution research program has become a world wide 
network. The U.S. scientists are contnbuting to alleviating hunger in developing countries 
where sorghum is a human food source. The international dimension is making a significant 
contnbution through a continuous introduction of new germplasm each year. The 
INTSORMll. program is the principal program in the U.S. where American students have 
an opportunity to be trained in international sorghum work. This keeps the U.S, programs 
keyed to developments in sorghum research worldwide. The value of technology which 
returns to the U.S. through these interchanges keeps sorghum production in the U.S. at the 
cutting edge of production potential. 
The international research linkages are contnbuting to the development of pearl 
millet, a new alternative crop for the U.S. Pearl millet can be grown on a million plus acres 
of sandy, dry land soils in Kansas. It has a potential to be grown in double cropping systems 
after winter grain from North Carolina to the Mid West. This is a high quality grain which 
has great feed grain potential. 
On behalf of INTSORMIL, a cosponsor of this conference, we welcome you and look 
forward to this review of sorghum nutritional quality. 
IMPROVEMENT OF CEREAL PROTEIN QUALTIY THROUGH MUTATIONS: 
IDSTORICAL REVIEW 
Edwin T. Mertz, Emeritus Professor of Biochemistry 
Consultant, INTSORMll.. Project, Department of Agronomy 
Purdue University, West Lafayette, Indiana 47907 
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Two events in 1935 were of special importance to me. The first was graduation in 
June with a Ph.D. in biochemistry from the University of illinois. The second was the 
publication by my majo~ profes.sor, J?r. W~am C. Rose, of the data 0.n the ~solati~n and 
Identification of threonme. This ammo aCId was the last of the essentIal ammo aCIds to be 
identified, and I was part of the team that worked on its isolation (Rose et al., 1935). 
Before 1935, threonine was the missing ingredient needed to prepare chemically 
defined diets. All of the other amino acids were by then available in highly purified form. 
So, in the years following 1935, Dr. Rose and his students dropped out the amino acids one 
at a time and showed that ten of the twenty found in proteins were required by the growing 
rat. The requirement level of each was then determined and an ideal protein amino acid 
pattern calculated. 
Dr. Rose's ultimate goal was to determine the amino acid requirements of the adult 
human. Since adults are in nitrogen equilibrium except when ill or pregnant, growth could 
not be used as a measure of requirement. It was necessary to use nitrogen balance. To 
prepare for studies on humans, Dr. Rose first experimented with adult dogs; with the 
nitrogen balance method he showed that the dog required the same amino acids required by 
the rat. 
Finally, during World War II, he had the opportunity to use male graduate students as 
"guinea pigs". The students were exempted from the draft while in graduate school. They 
prepared all of their food, including the amino acid mixture lemon juice "cocktails", and 
dropped the level of the amino acid being quantitated stepwise until they reached "negative 
balance", i.e., the nitrogen in their stools plus their urine was greater than the 24 hour 
nitrogen intake.· The "~ea pig" also did all the lab work, and his data became a Ph.D. 
thesis. In this manner It was shown that eight amino acids were essential. Next, adult 
human minimum daily requirements were determined. Arginine and histidine were not 
needed. From these data Rose calculated the ideal protein amino acid pattern for men, and 
the minimum protein requirement using this pattern. The present pattern in the 1985 
F AO/WHO Report on Human Requirements for Protein and Calories is based mainly on 
these data. Recent studies show that many of the Rose values are too low, including one of 
special interest to us, lysine. Dr. Vernon Young will present data on this subject at this 
conference. 
When I arrived at Purdue University in 1946, I was invited to become a member of the 
Utilization Committee that had just been formed in the Agricultural Experiment Station to 
find new uses for the cereal grain surpluses then piling up in government storage facilities. I 
decided to start a research project on the major crop in Indiana - com (Zea mays). My 
objective was to improve the nutritional value of com proteins, which had to be combined 
with more expensive supplements such as meat, milk, eggs, whole legumes, or soybean meal 
in both animal and human diets. 
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My students and I began a search for a com kernel that had a lower content of zein 
(the major protein in com), and higher levels of other more nutritious proteins (ie. 
albumins, globulins and glutelins). The first screening for a com variety with these qualities 
was done by my student Ricardo Bressani, who is with us today to present his recent studies 
on com proteins. It was continued by a graduate student from Ohio, Lynn Bates. We 
analyzed com endosperms (seed minus the seed coat and embryo) at first for zein. We 
expected varieties WIth low levels of zein to have better protein quality, since zein is almost 
devoid of the two essential amino acids, lysine and tryptophan. In the early sixties we 
obtained one of the first automatic amino acid analyzers and then looked only for higher 
levels of lysine in the endosperm. 
From 1957 to 1961, Dr. H.H. Kramer, Department of Agronomy, sent over com 
varieties, both normal and mutant for our screening program. None were unusually high in 
lysine. When he left the university in 1961, Dr. Oliver E. Nelson, Department of Botany and 
Plant Pathology, took his place and supplied us with samples for analysis. The first samples 
from Dr. Nelson came from the Mexican seed bank and represented many races from 
Central and South America. None of these were high in lysine. Dr. Nelson was aware of the 
fact that we had found a lower level of lysine (grams lysine per 100 grams of protein) in the 
variety Illinois HP [high (18% ) protein] than in the variety Illinois LP [low (4%) protein J. 
He was impressed with the fact that the Illinois HP was much more vitreous than the illinois 
LP, which had a floury or chalky endosperm. Thinking that flouriness might be associated 
with high lysine, he sent four floury mutant types of kernels, floury-1, floury-2, opaque-1, and 
opaque-2 to us for analysis. 
On November 18, 1963, the endosperms of these samples were analyzed by Lynn 
Bates. Floury-1 and Opaque-1 had 2 grams of lysine (the normal level found in com), but 
floury-2 contained 3 grams and opaque-2 contained 4 grams of lysine per 100 grams of 
protein. Since two of the samples of floury kernels (floury-1 and opaque-1) had normal 
lysine levels, flouriness is not very closely linked to high lysine. Nevertheless, Dr. Nelson's 
thought that it miib1 be linked to lysine paid big dividends. The opaque-2 mutant (now 
called Quality Protein Maize or High Lysine COm) still ranks at the top of all single mutants 
in its level of lysine, although many other high lysine types have been found (Mertz, 1986). 
The opaque-2 endosperm also contains a much higher level of tryptophan. 
After this discovery, plant breeders searched for similar mutations in other 
economically important cereal grains. Two high lysine types of barley were identified. The 
first, a naturally occurring mutation in Ethiopia was identified by Dr. Lars Munck, in 
Sweden in 1968, and called HyProly. A chemically induced mutation (1508) was identified 
by In~ersen and coworkers about five years later. In the early seventIes Singh and Axtell 
identified high lysine mutants of sorghum in germplasm from Ethiopia; and a short time 
later Mohan and Axtell isolated chemically induced high lysine mutants from temperate 
germplasm. No high lysine mutants have been identified in the other economically 
important cereals. 
Dr. Axtell and Dr. Ejeta will discuss the sorghum mutants in more detail at this 
conference. 
In 1965, feeding tests with young rats showed that animals receiving only opaque-2 
maize, minerals and vitamins gained four times faster than those receiving normal maize 
(Mertz et al., 1965). This was repeated with weanling pigs (Cromwell et al., 1967) with the 
same results. In Guatemala, Dr. Bressani showed that opaque-2 maize had 90% of the 
nutritive value of milk proteins in young children (Bressani, 1966). In Colombia, Doctors 
Harpstead, and Pradilla showed that young children who had developed a severe protein 
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deficiency disease (kwashiorkor) on a diet of normal maize could be brought back to health 
on a diet containing only opaque-2 maize as the source of protein (Harpstead, 1971). 
There was a great hope during the early 1970s that opaque-2 would improve the 
health of millions of ~ople in the countries where com was a major staple in the diet. 
Unfortunately, this did not occur. To quote from a recent National Academy of Sciences 
mono~ph (Quality Protein Maize, 1988) on the subject: " ... as is common in plant 
breedmg, the desirable characteristics of the new crop turned out to be closely associated 
with undesirable ones. The opaque-2 grain was chalky, not shiny, as is preferred in most 
regions. Moreover, the ears were small; its yields were 8-15 percent lower than those of 
traditional maize varieties; it was more susceptlble to fungi and insects, both in the field and 
in storage; and it dried more slowly. In additlon, the opaque-2 kernel weighed less than 
normal because air spaces surrounded its loosely packed starch granules. Soon came 
disillusionment; opaque-2 maize began losing its appeal. . .. By the late 1970s, opaque-2 
maize had been discredited." 
Despite almost universal abandonment, research to improve the agronomic qualities 
continued at two locations, the International Maize and Wheat Improvement Center 
(CIMMYT) near Mexico City, and Crow's Hybrid Com Company in Milford, Illinois. For 
more than a decade, maize breeders and chemists at these two locations concentrated on 
the same objective, but with different goals in mind. At CIMMYT they wanted to introduce 
gene modifiers that would change the soft, starchy, chalky endosperm to a vitreous type 
preferred by farmers in tropical countries. At Crow's Hybrid Com Company they wanted to 
produce a high yielding midwest hybrid with excellent harvesting and storage qualities and a 
soft, starchy endosperm easily chewed and digested by hogs and beef cattle. By the early 
1980s both research centers had reached their objective. 
CIMMYT has been distnbuting white and yellow flint and dent open-pollinated 
opaque-2 varieties with a hard endosperm to national maize programs for many years. The 
national programs have used the CIMMYT germplasm to develop their own locally adapted 
open-pollinated types. Some are testing hybrids made from the synthetic varieties. 
CIMMYT has called their hard endosperm opaque-2 germplasm Quality Protein Maize 
(QPM) to distinguish it from the soft endosperm varieties which they call QPM-SE. Four 
QPM open-pollinated varieties already released commercially in the developing world are: 
Nutricta in Guatemala, Nutri-Guarani-V241 in Paraguay, Tuxpeno 102 in China, and 
Population 63 in Vietnam. 
In 1983, the National Center for Research on Com and Sorghum (CNPMS) in Sete 
Lagoas, Minas Gerais, Brazil, introduced 23 varieties of CIMMYT QPM. After 5 years of 
research, a white-colored variety with sufficient adaptation to the diverse regions of the 
country and of high nutritional value was developed. It was named BR 451 and has 85% 
more lysine and tryptophan than normal com (The Sete Lagoas High Nutrition Com, 1989). 
Brazil has a strong program in place at present to hasten acceptance of their varieties by 
Brazilian farmers. The National Center (CNPMS) has started a three year project called 
''The Sete Lagoas High Nutrition Maize". In addition to CNPMS, other cooperators will be 
the National Center for Research on Swine and Poultry, the National Center of 
Agricultural-Industrial Technology of Foods, and the Department of Pediatrics at the 
University of Sao Paulo. The project is divided into five parts; breeding, chemical and 
nutritional aspects, food technology, use of QPM in rural areas, and use of QPM in urban 
areas. Information on this project will be widely distributed via mass communication. A 
marketing system with attention to the consumer and the producer will be mounted. 
Sam:eles of seeds of BR 451 and recipes of the products made from this com will be 
distnbuted free. Folders, slides and videos will be produced for use as teaching materials. 
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As a part of Global-2000 (personal communication), an international program to 
erase hunger in the world by the year 2000, farmer demonstration plots of CIMMYT QPM 
are planned for 1990 at various locations in Zambia, Tanzania and Ghana, three African 
countries that have large maize-eating populations. It is hoped that the farmers will accept 
QPM as a new crop. 
Crow's Hybrid Com Company achieved its objectives by having available for the past 
decade, high yielding varieties of soft endosperm opaque-2 hybrids (Hi-Lysine Com) 
adapted to the short, medium and long summers in the midwest. It IS estimated that farmers 
in the midwest produce one million tons of Craw's Hi-Lysine com annually, all of which 
stays on the farm to be fed to the livestock, mainly growing and finishing pigs. 
Careful studies at the University of Nebrasks (Asche et al., 1985) showed that when 
Crow's Hi-Lysine com was fed in place of normal com to all classes of pigs, from weaning to 
finishing, the total level of dietary protein supplement (usually soybean meal) could be 
reduced by 2 percent. For example, in a 16% protein ration, commonly used for fast 
growing pIgS, the soybean oil meal could be reduced 23 percent. This is a significant savings, 
since soybean meal usually costs two to three times the cost of com. 
In 1973, the United Nations FAO/WHO Report on Human Requirements for Protein 
and Calories substantially lowered the previous protein requirement figures. Some 
nutritionists then said that malnutrition was due only to a lack of calories, not protein. The 
emphasis was, therefore, placed on increasing starch yields rather than improving the quality 
of the protein. However, late in 1987, a research team from three U.S. universities (V. 
Young, D. Bier and P. Pellett) reported that the human requirement for lysine, leucine, 
valine and threonine was two to three times higher than that proposed by F AO/WHO in 
1973 and again in 1985. For example, the adult needs a protein with the same level of lysine 
(about 5 grams of lysine per 100 grams of protein) previously recommended by FAO/WHO 
for the 2 year old child. The child requires about five times more high quality protein per 
kilogram of body weight because it is growing rapidly. This new finding has been accepted 
by F AO and implies that adults would also benefit greatly from QPM because of its higher 
level of lysine, tryptophan and available leucine. 
Research in Lima, Peru by Dr. George Graham and coworkers has shown that babies 
in their second year of life grow normally when QPM is fed as the only source of protein in 
the diet (Graham et al., 1990). In this study, ten infants were fed QPM as the only source of 
protein and fat which supplied 90 percent of the calories. Ten percent of the calories came 
from sugar. A standard milk formula diet was fed to a similar control group of 10 children at 
the same calorie level. The diet containing QPM supported growth rates that were 
statistically indistiniUishable from those found in the children receiving the milk formula. 
In another study on the superior digestibility and utilization of QPM in recovering 
malnourished infants, Dr. Graham (1990) concluded that: ''To anyone familiar with the 
nutritional problems of weaned infants and small children in the developing world, and with 
the fact that millions of them depend on maize for most of their dietary energy, nitrogen and 
essential amino acids, the potential advantages of QPM are enormous. To assume that 
these children will always be given a complementary source of nitrogen and amino acids is a 
cruel delusion." 
The weight of evidence that has accumulated over the past 27 years regarding the 
superior protein quality of hard and soft endosperm opaque-2 maize should serve as a 
strong motivation to the governments and Ministries of Health and Ministries of Agriculture 
in developing countries to vigorously sponsor national production of QPM in those countries 
where maize makes up a major part of the diet. If QPM becomes widely cultivated, this will 
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stimulate the development of acceptable types of quality protein sorghum for use where 
maize cannot be grown or where farmers prefer to grow sorghum. 
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Introduction. Our purpose here is to provide a basis for the further discus. sian of the 
nutritional quality of sorghum at this conference. More particularly, we will be concerned 
with how recent knowledge concerning the amino acid requirements of humans might be 
used to help focus agricultural research programs that are designed to improve the value of 
sorghum as a human food. 
Our arguments, to follow, are based on the following postulates: (i) the principal 
nutritional function of food proteins is to supply indispensable (essential) amino acids and a 
utilizable source of non-specific nitrogen to meet physiological needs, (ii) the primary factor 
that determines the nutritional value of a protein, or mixture of proteins, is the 
physiologically-available concentration of the indispensable amino acids and (iii) the 
balance (or pattern) per se amon~ the indispensable amino acids is not a major factor of 
practical significance in determinmg protein nutritional quality, but it is the concentration of 
specific, limiting indispensable amino acids relative to total protein (nitrogen) that is of 
critical importance. Hence, the emphasis in this paper will be on amino acids that are 
nutritionally indispensable (essential) in human nutrition. We will attempt to review their 
quantitative needs and their relationships to the amino acid content of food proteins and of 
complex diets. 
Hence, we will present first a brief statement concerning human amino acid 
requirements, as viewed in about 1985 and reflected in the report of the F AO/WHO/UNU 
Expert Consultation on Energy and Protein Requirements (1). A short account of 
developments, during the past five or six years, with respect to the re-assessment of amino 
acid requirement data will then be made, with our objective being a desirable, proposed 
revision of current estimates of amino acid requirements. The implications and use of these 
revised requirement values, with particular reference to a new amino acid scoring pattern 
and the nutritional evaluation of proteins, will then be discussed. We conclude with some 
suggestions regarding efforts that might be undertaken to improve the nutritional quality of 
sorghum. Again, our specific emphasis is on the evaluation of protein quality, particularly in 
recognition of the fact that sorghum is a major staple for populations in the semi-arid 
regions. 
Evaluation of protein Quality. circa 1985. based on amino acid data. A brief historical 
account of the process which led up to the most recent 1985 F AO/WHO/UNU amino acid 
scoring pattern, might be worthwhile to begin with. Thus, several of the more important 
national and international amino acid scoring patterns are shown in Table 1. 
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Table 1. Some national and international recommended amino acid scoring patterns. 1 
FAO/WHO/UNU (1985) (1) 
FAa FAO/WHO NAS-NRC Infant Pre-school School-Age Adult 
1957 1973 1974 child child 
Amino acid (2) (3) (4) «lyr) (2-5yr) (6-12yr) >13yr+ 
Histidine 14 17 26 14 19 
Isoleucine 42 40 42 46 28 28 13 
Leucine 48 70 70 93 66 44 19 
Lysine 42 55 51 66 58 44 16 
TotalSAA 42 35 26 42 25 22 17 
Total Aromatic 56 60 73 72 63 22 19 
Threonine 28 40 35 43 34 28 9 
Tryptophan 14 10 11 17 11 9 5 
Valine 41 SO 48 55 35 25 13 
Total 314 360 356 434 320 222 111 
(w/o histidine) 
1 Figures expressed as mg amino acid per g protein (N x 6.25). 
Number in parenthesis is reference citation. 
Amino acid composition data for the evaluation of the protein value of foods and 
diets have been widely used since the amino acid composition of egg proteins was 
introduced as a reference, or standard, by Block and Mitchell in 1946 (5). However, the 
relatively high levels of indispensable amino acids in egg proteins undervalued many 
proteins for human nutrition and this led to use of estimates of human amino acid 
requirement values as basis for subsequent international, amino acid scoring systems (1-3). 
Although the NAS/NRC (4) scoring pattern was stated to be based on human amino acid 
needs, the pattern was derived from the amino acid compositions of egg and milk. This is 
why the scoring system proposed by NAS/NRC differed significantly from that of the 1973 
F AO/WHO (3) system, although both apparently used the same human amino acid 
requirement data in their derivation. 
A common feature of all the amino acid scoring systems before the 1985 
FAO/WHO/UNU (1) procedure, discussed briefly below, was that a single reference amino 
acid pattern was used for application in all ages, despite published amino acid requirement 
data that generally showed infants needed some 35% of their total amino acids in the form 
of indispensable amino acids while the adult apparently needed only 15% or less (1, 3). 
Qearly, if, for scoring purposes, the low concentration of essential amino acids to total 
protein required by adults was adopted (see Table 1), it would overestimate the value of a 
protein for meeting the needs of children. In contrast, adoption of the child pattern would 
underestimate the value of a protein for meeting the needs of the adult. 
In the 1973 FAO/WHO (3) report, the published data for the indispensable amino 
acid requirements (expressed as mglkglday) of infants, children and adults were individually 
tabulated. Amino acid scoring patterns, defined in terms of mg amino acid/g protein or 
mglg N, were then derived for each age group by dividing the values for amino acid 
requirements by those for the daily protein requirement for the same age group. The amino 
acid scoring pattern proposed for practical application was, however, developed by 
interpolating from only the infant and school-child amino acid requirement values. The 
amino acid scoring pattern (FAO/WHO, 1973) so derived is shown in table 1. This, in 
practice, gave an apparent extra margin of safety in the estimation of adult protein needs 
and in the assessment of the protein nutritional quality of their diets. 
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New amino acid requirement data (6, 7) for the pre-school child were available to the 
1981 FAO/WHO/UNU COnsultation [with its report published in 1985 (1)]. These 
estimates, and those for other age groups (infants, school children and adults), were then 
divided by the safe intakes for total protein for the same _1l&~S, t9 _give the amino acid scoring 
pattern. Final, recommended values proposed by F AO/WHO/UNU (1) were somewhat 
lower (see table 1) than those tabulated by the 1973 FAO/WHO cOIIlII11ttee, even though 
most of the amino acid requirement values used for establishing the amino acid pattern 
were essentially unchanged from those used by the earlier Expert group. This was because 
the safe level of protein intakes recommended by the 1985 Consultation (1) for adults and 
school children had been increased over the previous recommendations. Thus, the value for 
indispensable amino acids required per unit weight of protein were reduced, 
correspondingly. 
More than thirty years have passed since the 1957 report of the first F AO protein 
requirements committee (2) considered protein, or amino acid, scoring as a basis for 
assessing the nutritional value of proteins for meeting human nutritional requirements. 
After an adjustment is made for the digestIbility of ingested proteins, (or the availability of 
the indispensable amino acids in the protein) the conclusion was made by this group, 
namely, that the concept of a desirable pattern of essential amino acids has a great 
advantage, and by comparison, with such a pattern, data on the amino acid content of 
individual foods and food combinations can be appraised for a wide range of situations. 
With respect to evaluation of the nutritional quality of the diet and of methods of improving 
it, this concept remains valid. The importance of human amino acid requirement data is, 
therefore, obvious and in the following section we will consider some of our recent findings 
concerning the requirements for amino acids in healthy human adults. 
Current views on adult needs for indiSPensable amino acids. Here we will focus briefly on 
the amino acid requirements of the adult because there is considerable uncertainty 
surroundin~ the adequacy of currently accepted values for the adult and this has possible 
major implications for the direction of research concerned with improvement of sor~hum 
nutritional value. Requirements for pre-school children, although also based on limtted 
data, seem to us to be reasonable and physiologically rational. We don't think that this is the 
case for adult amino acid requirements. 
Current estimates of the requirements for indispensable amino acids in human 
adults, as proposed by various international (1-3) and national (4) authOrities, are 
summarized in Table 2. These estimates have been derived largely from results of nitrogen 
(N) balance studies in healthy individuals. We believe, as discussed elsewhere in detail (8-
10), t~at the. early s~dies have little or l~ted ~alidity~ especially in terms of their ability to 
establish reliable estunates of human ammo aCId requIrements. Indeed, a series of recent 
experiments on the kinetics of amino acid metabolism (eg. 9, 10), in which rates of amino 
aCId oxidation were measured directly at various intake levels in healthy adult men, have led 
us to conclude that the current requirement estimations (Table 2) are far too low. 
Because we have published (8-11) extensively the reasoning behind, and evidence in 
support of, our conclusion, we do not intend to repeat the details here. In summary, 
however, we have proposed that the requirements for specific indispensable amino acids in 
t~e ad.ult are more likely to aPl'rilximate the value shown in Table 3 (column 1) than those 
gIven m the 198~ repo~ FAO[WHO/UNU (1). From these revised amino acid requirement 
values a new ammo aCId requIrement pattern emerges, based on the mean protein intake 
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level~ro osed by FAO/WHO/UNU (1) for the adult age group. This pattern is shown in 
Table 3 column 2) and it can be seen that it is quite similar to that proposed in 1985 by 
F AO O!t.JNU (1) for the pre-school child. 
Table 2. Some recent national and international estimates of the requirements 
(mglkglday) for indispensable amino acids in healthy adults. 
Amino acid 
Isoleucine 
Leucine 
Lysine 
TotalSAA1 
TotalAAA 
Threonine 
T~tophan 
Valine 
Authority 
FAO/WHO/UNU (1) 
10 
14 
12 
13 
14 
7 
3.5 
10 
1 SAA = methionine plus cystine. 
2 AAA = phenylalanine plus tyrosine. 
Male 
9.5 
12.5 
9.4 
12.1 
12.1 
6.5 
2.9 
10.7 
NAS/NRC(4) 
Female 
7.8 
10.7 
8.6 
12.1 
12.1 
5.3 
2.8 
11.2 
Table 3. New, tentative, amino acid requirement estimates for the human adult and the 
corresponding amino acid requirement pattern, compared with that for the pre-
school child. 
Adult 
Tentative Amino acid 
1985 FAO/WHO/UNU (1) 
Pre-School Child 
Requirement! Pattern2 Amino Acid Pattern 
Amino acid (mglkglday) (mg per g protein) (mg per g protein) 
Isoleucine 23 35 28 
Leucine 40 65 66 
Lysine 30 50 58 
TotalSAA 13 25 25 
Total Aromatic 39 65 63 
Threonine 15 25 34 
Tryptophan 6 10 11 
Valine 20 35 35 
1 
2 
Based on Young et al (10). 
Derived from Young et af (10); rounding to nearest value of 5. 
We should point out that our revised estimates of adult human amino acid 
requirements, and the corresponding amino acid requirement pattern derived from them, 
shown in Table 3, are not necessarily generally accepted, although we hope this will 
eventually prove to be the case. For example, Millward and Rivers (12-13), have raised 
various criticisms concerning our conclusions and the approach that we have taken to arrive 
at our new estimations. There is some but not complete or sufficient evidence to counter all 
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of their arguments, but we believe that the sum total of evidence suggests that it would be 
prudent to accept our new estimations as a basis for nutrition planning, rather than those 
presented in the 1985 FAO/WHO/UNU (1) report. Further support for this view comes 
from a recent FAO/WHO (14) Expert Consultation on Protein Quality Evaluation. 
Specifically, this Consultation pro}?osed that the amino acid requirement pattern for the 
pre-school age group (see Table 3) be used for purposes of evaluating the nutritional value 
of food proteins intended for consumption by all age groups. 
A summary of the major conclusions and recommendations made by the 1990 
FAO/WHO (14) Consultation is presented, as a list, in Table 4. This international 
recommendation, therefore, offers us the opportunity to consider, below, the importance of 
the amino composition of specific food proteins and mixed diets, in relation to their ability 
to meet protein nutritional requirements. For the present purpose we use our revised 
estimates of the amino acid requirements in adults (Table 3). We do this because had we 
used the 1985 FAO/WHO/UNU (1) pre-school age amino acid req1li!ement pattern for the 
following analysis our conclusions would be the same, or even they mIght be more forcibly 
stated because of the somewhat higher lysine content of the pre-school child versus the new 
adult pattern (compare columns 2 & 3 in Table 3). 
Table 4. Conclusions/recommendations made by 1989-90 F AO/WHO Expert 
Consultation on Protein Quality Evaluation (14) 
1. No adequate basis to justify use of different scoring patterns for different age groups, 
except infants. 
2. Use amino acid composition of human milk for infants oS. 1 year. 
3. Use 1985 F AO/WHO/UNU pre-schaal pattern for all ages, except infants. 
4. Recommendations are stated to be temporary: Further research urgently needed on 
amino acid requirements in humans of all ages. 
International dietary plannina implications. The new estimates of amino acid requirements 
for the adult (table 3) are, on average, higher by a factor of 2.5, than th~~~proE.0sed by 
FAO/WHO/UNU (1). Additionally, as noted above, the 1989-90 FAO/WHO bxpert 
Consultation (14) has proposed using the pre-school age amino acid requirement pattern 
(Table 5) for assessing the nutritional quality of food proteins. At first sight both of these 
recent developments, our own revised pattern and the proposed use of the pre-school 
pattern for all ages above 1 year, might appear to have dramatic implications for evaluation 
of the adequacy of all diets and even possibly to recreate a global "protein crisis." Certainly, 
as shown in table 5, use of the new requirement pattern (and/or the pre-SChool child 
pattern) leads to a different conclusion regarding the potential nutritional adequacy of 
various low-cost diets for the adult as compared to that based on the recommended 
procedure by FAO/WHO/UNU (1). However, the practical implications, while of 
considerable importance for food and agricultural policies in some developing countries, are 
relativelr insignificant for diets in other developing regions of the world and negligible when 
the nutntion of populations in developed regions is the issue. We will attempt to strengthen 
the basis for these conclusions in the paragraphs below. 
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Table 5. Amino acid scores of practical low -cost diets (% of adequacy) 1, using different 
amino acid requirement patterns. 
1985 FAO/WHO/UNU 
Youngetal. 
Diet Preschool Adult (see table 3) 
India: 
76(L)2 Wheat-based >100 88(L) 
Tunisia: 
Rural 57(L) >100 66(L) 
Guatemala: 
Maize/Beans 66(L) >100 76(L) 
Nigeria: 
>100 78(L) Sorghum-based 67(L) 
1 Modification of Table 40 in FAO/WHO/UNU (1). 
2 (L) = lysine is the limiting amino acid. 
RelVonal patterns of amino acid supply. In developed regions of the world the relative 
contribution of animal products, to total dietary protein and energy, is high. In contrast, in 
the developing regions the diet is characterized by a far greater dependence on cereals. 
These major differences in the sources of food protein si~cantly affects the pattern of 
amino acids in the diet. Thus, we have estimated the ammo acid patterns of various diets 
(Table 6) using published amino acid composition data (15, 16) and per capita dietary data 
(17). The differences in the amino acid composition of the diets reflect, of course, the 
differing amino acid compositional data for specific foods. Hence, as can be gathered from 
Table 7, there is a wide variation between food groups (i.e. cereals, versus meat and dairy 
products) but there is, more or less, a relatively constant amino acid composition within a 
given major food grouping. This fact permits us to use a simplified approach for calculation 
of dietary amino acid patterns and, from Table 8, it can be seen that the amino acid 
composition (mglg protein) of the US diet, is almost identical whether calculated from Food 
Balance Sheet data compnsing 144 food items or from a simplified version comprising only 
20 representative food items. Furthermore, the values for the United States are much the 
same as those shown for the developed countries, in general. 
When a comparison of the amino acid composition values of regional diets (Table 6), 
is made with the F AO/WHO/UNU (1985) amino acid requirement values for the adult, it 
will be noted that for all regions, including Africa and the Near and Far East, the amino acid 
pattern of regional diets exceeds the F AO/WHO/UNU (1) amino acid requirement pattern 
for the adult by a wide m~· . However, when comparison is made with our new amino 
acid requirement pattern abIes 3 & 6), or with the F AO/WHO/UNU child pattern (Table 
3), it can be seen that for eveloped countries and for Latin America, the intake pattern is 
still above requirement pattern for all amino acids. However, this is not the case for Africa, 
the Far East and Near East where the lysine supply potentially is below the new amino acid 
requirement values, as well as those for the pre-school child pattern. 
From this analysis, the major and nutritionally significant difference between the 
amino acid pattern of the diets in developing and developed countries appears to be with 
respect to their lysine contents. This is primarily due to the much lower levels of lysine in 
cereal grains, including sorghum, as compared to those typical of animal foods (Table 7). 
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Table 6. Amino aci~te=g protein) for diets in selected regions: compared to 
1985 F AO 0 and revised adult amino acid requirement patterns. l 
Region 
Developed Far Near Latin A~!!tt~m 
Countries Africa East East America FAO/WHO - Revised3 
Isoleucine 48 42 47 44 47 13 35 
Leucine 77 75 81 73 82 19 65 
Lysine 65 47 46 41 56 16 50 
TotalSAA 36 34 40 36 34 17 25 
TotalAAA 81 72 86 79 79 19 65 
Threonine 40 35 39 34 39 9 25 
T~tophan 12 12 12 12 11 5 10 
Valine 53 48 57 49 52 13 35 
1 Generated from data given in refs. 15-17. 
2 FAO/WHO/UNU (1). 
3 From Table 3, Column 2. 
Table 7. Amino acid composition (mglg protein) of some major food protein sources.1 
Protein Source 
Amino acid Wheat Rice Maize Sorghum2 Millet Beans Beef Milk Fish Egg 
Isoleucine 40 42 46 41 41 42 52 60 47 63 
Leucine 63 82 126 143 96 76 82 98 85 88 
Lysine 26 36 38 21 34 72 87 79 100 70 
TotalSAA 35 36 32 33 48 19 37 34 45 56 
TotalAAA 81 80 58 97 81 77 75 96 90 98 
Threonine 27 33 40 32 39 39 44 45 52 49 
T~tophan 11 13 6 12 19 10 12 14 11 16 
Valine 43 58 51 52 55 46 56 67 52 72 
Total 326 380 390 431 413 381 445 493 482 510 
indispensable 
amino acids 
1 Source: Refs. 15 & 16. 
2 From Bressani, R. Nutritive Value of High Lysine Cereals (see his contribution to this 
Conference). 
Amino acid supply in selected countries. Following from the above, we have examined the 
amino acid composition of diets for 20 selected countries with different dietary patterns. 
The 20 countries (except the US) were selected at random from the stratified UNICEF (21) 
tabulation of 130 countries, such that 5 countries were chosen from each of four groups 
classified on the basis of their under-five year child mortality rates. This also, in effect, 
classified them on the basis of economic status since mortality rates and GNP are highly 
Table 8. Amino acid composition (mg per g protein) of some developed and developing country diets, as 
calculated from various data sources. 
Developed Countries Developing Countries 
Simplified 
Food Food Food Poor 
Balance Simplified Balance Balance Developing Near 
Amino Developed She~t Food Balan§e USDA4 Developing Sheet Sheet Countr! East 
Acid Countries 1 USA Sheet USA USA Countries Nigeria2 Nigeria3 Diets Diets6 
Lysine 65 70 71 71 47 45 46 45 36 
Total SAA 36 36 36 37 37 36 35 31 30 
Threonine 40 40 39 40 38 37 37 34 31 
Tryptophan 12 12 12 12 12 12 12 11 8 
FAO (17). 
FAO (18), 144 food items used for USA and 85 for Nigeria. 
1 
2 
3 
4 
5 
6 
FAO (18), simplified version combined foods together within the various food groups; 20 food items were 
used for USA and 14 for Nigeria. 
USDA (19). 
FAO/WHO/UNU (I), Mean of nineteen "low cost" diets. 
Based on data from Pellett and Srouji (20). 
W 
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correlated (22). Between 35 to 70 food items were used in these calculations, depending on 
the dietary complexity, as tabulated in the food balance sheets (18). Our findings are 
presented in Table 9. 
The percentages of protein supplied by the major protein food groups are also shown 
in Table 9. In the FAO (18) food balance sheet tabulations, the pulse and nuts and oilseeds 
are presented as two separate groups. While pulse products are generally high in lysine, the 
nuts and oilseeds group are more varied and may include high lysine protein foods such as 
soybean (about 65 mglg protein) or low-to-moderate lysine products such as peanut and 
coconut (about 35 mglg protein). For this reason, we have added soybean to the pulse 
protein group and removed soybeans from the nuts and oilseeds grouping. The combined 
percentage of the total protein from animal (AP%) cereal (CP%) and pulse (plus soybean, 
PP%) protein sources average almost 90% of the total dietary protein for the numerous 
countnes tabulated by F AO (18). 
The diets presented in Table 9 vary considerably in the specific contributions to the 
total protein supply made by the different food protein groups. In the United States, 68% of 
the protein comes from animal protein and only 19% from cereals. In contrast, for 
Bangladesh, 13% is from animal protein and 79% is from cereals. The dietary pattern for 
Rwanda with 48% of its protein from pulses appears to be somewhat unique. Indeed, the 
average percentage availability of pulse (includmg soybean) proteins in relation to total 
protein for the 146 countries tabulated by FAO (18) was very much lower at 6%, with only 
six countries showing values in excess of 25%. 
The conclusion to be drawn from our summary shown in Table 9 is the same as that 
based on the regional data amino acid composition (Table 6), namely that lysine is the 
amino acid most likely to be in marginal supply. This, of course, applies in terms of our 
newly proposed lysine requirement pattern value of 50 mglg protein (Table 3) and also to 
the value of 58 mglg protein for the 1985 F AO/WHO/UNU pre-school child pattern (Table 
3). In addition, as shown in Table 9, as total protein and animal protein availability decrease 
so also does the dietary lysine concentration. In practice, it appears that the lysine 
requirement may become difficult to meet when more than about half of the dietary protein 
is derived from cereals. 
The important role of animal proteins, and pulses together with soybean, in 
providing lysine can be further illustrated by subjecting these country data to multiple 
regression analysis. Thus, it can be seen in Table 10, for prediction of dietary lysine 
concentration (mglg protein), the best equation is; Lysine (mglg protein) = 0.57 AP% + 
0.33 PP% + 31.3 which involves two variables; AP% (animal protein %), and PP% (pulse 
protein %). Together, these two account for about 86% of the variation in dietary lysine 
value. Use of AP% alone gives a weaker but still a useful prediction, accounting for some 
76% of the lysine variation in dietary content. 
This analysis confirms that the lysine content of animal, pulse and cereal proteins are 
sufficiently distinctive from each other to be able to use food group data for prediction of 
dietary lysine. From Table 7, shown earlier, the lysine values of the cereals show a range 
from ~bout 21-38 mg lysine/g protein, while for animal foods the range is about 70-100 mglg 
protem. 
Daily lysine suppLY and requirement. Because the foregoing indicates that the relatively low 
lysine content of cereals may well limit the protein quality of diets in certain regions, a 
further consi~eration of the lysine sUPl?ly with reference to human amino acid requirements 
would be deSIrable. Thus, the totallysme intake, or availability per day, is a composite of 
Table Y. Food energy, protein and indispensable amino aCids in diets of 20 selected countries compared with uNP and the 
under five mortality rate (MR). 
Under GNP Dietary Protein Animal Percentage of Total Protein Lys SAA Thr Try Lys 
Country Five (US Energy g/day Protein Nut & -- mg/g protein -- mg/day 
M.R. $) Kcal/day g/day Animal Cereal Pulse Oilseed 
Sierra Leone 302 310 1938 42 10 24 52 11 2 54 41 42 12 2270 
Rwanda 214 280 2274 54 4 6 12 48 1 52 29 34 11 2810 
Yemen Arab Rep. 210 550 2475 77 17 22 63 10 < 1 44 34 35 12 3390 
Bangladesh 116 130 1837 40 5 13 79 2 44 36 34 12 1760 
Nigeria 182 730 2178 55 11 19 50 10 5 42 36 37 12 2480 
Pakistan 174 380 2180 59 13 24 66 5 1 40 34 33 11 2240 
Ghana 153 350 1769 41 13 32 37 10 5 48 34 35 11 1970 
Indonesia 126 540 2372 49 6 12 67 11 5 46 42 41 44 2250 
Tunisia 110 1270 2763 76 17 22 61 16 2 44 34 32 12 3340 
Guantema1a 109 1160 2138 52 13 24 58 12 < 1 46 33 38 10 2440 
Ecuador 92 1150 2114 50 26 51 31 6 1 62 37 40 12 3100 
Syria 71 1620 3005 85 22 26 51 7 4 46 34 33 12 3910 
Paraguay 64 1240 2839 50 33 41 27 18 1 61 34 37 11 4800 
Thailand 55 860 2330 47 12 26 59 3 2 51 44 43 11 2400 
Yugoslavia 31 2110 3550 103 39 37 51 4 < 1 52 35 35 12 5360 
Portugal 22 1970 3204 85 35 41 43 3 < 1 50 36 38 11 5020 
Hungary 21 2100 3484 95 49 52 35 < 1 < 1 65 36 38 12 6180 
Greece 18 3770 3668 108 52 49 35 4 2 60 35 36 12 6480 
Austria 13 9140 3575 91 57 63 24 1 1 68 36 39 12 6190 
United States 13 15390 3641 106 72 68 18 1 3 70 36 40 12 7420 
Note: Mortality rates (MR) for under five year-old children and infants and GNP taken from UNICEF (21). 
Energy and protein data from FAO (18). 
Pulse protein percentages were calculated by including soybean from the nut and oilseed category. 
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Table 10. Multiple regression analysis: lysine value vs. dietary protein sources in 20 
countries. l 
Q~l2eng~nl Vm:i!.!l21ei ~in~ (mKli I2[Q~in) 
Coefficients 
Overall 
Animal Pulse Cereal F 
Protein % Protein % Protein % Constant R Value 
0.47a 37.5 0.87 56.~ 
0.57a 0.33b 31.3 0.93 52.5a 
0.51c 0.25 -0.05 36.3 0.93 33.1a 
D~I2~nd~nt V!lriabl~: ~in~ (maLda~ 
Coefficients 
Animal Pulse Cereal Overall 
Protein Protein Protein F 
(glday) (glday) (glday) Constant R Value 
87.oa 
47.9b 
1588 0.97 268.3a 
92.oa 
22.0b 
1214 0.98 199.1a 
93.1a 64.8a 443 0.99 235.3a 
1 An~is o£siata from Table 9. 
a p < .001; p < 0.01; c P < 0.05 (based on analysis of 
variance) 
the total protein (glday) supply and its lysine content (mglg protein). A safe level of lysine 
intake, for a reference mdividual, can be estimated from the desirable lysine content of the 
reference amino acid pattern (50 mglg protein; table 3) and recommendations for a safe 
level of protein intake as proposed by FAO/WHO!UNU (1). For a 65 kg male, age 18-60 
years, the total protein needs are 49 g daily and for a 55 kg female 18-60 years they are 41 g 
protein (1). An average safe level for lysine for both sexes would, thus, approximate to 2250 
mg daily, if the diet was fully digestIble. To allow lysine a 90% digestibility, about 2500 mg 
lysine would be required daily to assure that the needs of the population would be met. If 
the 1990 FAO/WHO (14) recommendation was applied (i.e. use of the child amino acid 
requirement pattern for all ages) then this value would increase to 2900 mg. Also, we 
should eoint out that when food balance sheets for various countries are used to estimate 
the availability of amino acids in diets, the lysine requirement values used for comparison of 
diets should preferably be based on average requirements of protein (0.6 glkglday) rather 
than on safe levels of protein intake (0.75 glkglday) (1). Average needs for the reference 
adults of both sexes would, thus, be 36 g protein/day and, hence, about 2000 mg lysine daily 
at 90% digestIbility or 2100 mg if course grain cereals (85% digestibility) were specified. In 
Table 9 only Bangladesh and Ghana would have their mean lysine supply below this average 
requirement for reference adults. By use of the probability approach (see below) these two 
countries would show probabilities of inadequacy of 0.91 and 0.70 if a coefficient of variation 
of 12.5% for the amino acid requirement (i.e. that used by the FAO/WHO/UNU (1) for the 
total protein requirement) were specified. Average intakes of lysine in excess of 2650 
mglday would be required before probabilities of inadequacy of below 0.025 were reached. 
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The countries identified as being at risk of failing to achieve an adequate lysine 
intake would differ in some cases from those countries with dietary lysine patterns below 50 
mglg protein. For example, in Sierre Leone the quality of protein in the average diet, as 
defined by lysine concentration, appeared to be adequate, but the quality of total protein 
was loW; in others, (e.g. Tunisia) a low lysine concentration combined, however, with 
relatively ~enerous mtakes of total protein resulted in a higher lysine intake. For the other 
countries ~ e.g., Bangladesh and Ghana) the diet appears to be inadequate in both quality 
and quantity. For comparison, using the current F AO/WHO/UNU recommendation (1) 
only 720 mg lysine would be required at the safe allowance of 45 g protein daily, with 580 mg 
at the avera~e protein need of 36 g protein/day. All countries, even the poorest, would 
exceed consIderably these values. Many, however, may be marginal when compared to the 
new amino acid pattern pr()p~~ed above. Qearly, a ~eater risk of inadequacy would be 
predicted if the 1990 FAO/WHO (14) pre-school child value of 58 mglg protein were used, 
compared with our tentative value of 50 mglg protein (Table 3). 
Utilizable protein. An alternate approach that might be taken to evaluate the quality of 
diets uses the concept of utilizable protein. Here, quantity of protein is represented by daily 
protein availability (Wday) and quality is based on both digestibility and amino acid score. 
Thus, digestIbility might be taken as being 85% where the diets involved consumption of 
coarse grain cereals (1) while 'score' is judged in relation to the revised requirement pattern 
discussed above (Table 3). In all cases the limiting amino acid appears to be lysine. The 
dietary supply of utilizable protein could then be compared with protein. Again, average 
needs of the population group should be used rather than safe practical allowances or safe 
protein intakes. Thus, the average protein need for our selected reference male and female 
adults is 36 g (hi~y digestIble, high quality) protein daily. The probability of an inadequate 
average dietary mtake can be estimated from knowledge of average requirement together 
with its coefficient ofvariation. For the total protein requirement the 1985 
FAO/WHO/UNU (1) report used a coefficient ofvariatlon of 12.5%. Thus, when utilizable 
protein values are calculated, using the data shown in Table 9, the probabilities of 
madequacy would range from 0.023 for average intakes of 45 glday utilizable protein (the 
safe practical allowance) to 0.91 for the 30 glday (40 x 0.85 x 0.88) estimated for the average 
utilizable protein availability in Bangladesh. 
Using these criteria, about half of the countries listed in Table 9 could be considered 
to be at some risk of protein inadequacy. For a somewhat larger coefficient of variation 
(CV = 20%), which might be more realistic for under-privileged populations, as much as 50 
glday utilizable protein availability would be needed if probabilities of inadequacy were to 
be below the generally accepted value of 0.025. 
The utilizable protein, as descnbed above, was also calculated for the 146 countries 
in the FAO (18) food balance sheets. The multiple regression equation (Table 10) was used 
to estimate the dietary lysine value and, hence, score. Although 44 countries were found to 
have lysine values below 50 mglg protein, few countries had utilizable protein supplies at or 
below the average adult requirement of 36 gldaily. Probabilities of inadequacy were, for 
various country data; India (0.50), LIberia (0.67), Sri Landa (0.81) and Zaire (0.99). A 
further 11 countries had average availabilitIes below 45 g protein/day (the safe protein 
intake) and could be considered marginal, in that their probabilities of inadequacy were 
greater than 0.025. The diets of the remaining countries all provided generous levels of 
utilizable protein. 
Thus, the countries, and the individuals within those countries, most at risk are those 
with low intakes of diets based heavily on coarse grain cereals and where both the quantity 
and quality (including digestIbility) of the protein available for consumption are likely to be 
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low. The overriding importance of the total quantity of food, as represented by dietary 
energy supply, remains the major cause for concern, but the lysine value of the diet may also 
be important and should not be dismissed from further consideration of the nutritional 
adequacy of foods and diets. 
. From the foregoing, it appears. th.at the lysin~ conCC?~tration o~ diets in seve~ 
regtons of the developing world may ~t the pr~tem nu~tional.quality of these dIets. 
Thus, the negative outcome of the major field trIals of lysme fortified cereals ~23), 
sponsored by the US Agency for International Development in the early 1970 s and 
conducted on children in Guatemala, Thailand and Tunisia, might appear to contradict our 
assessment of the food, and nutrition, implications of the variation in the lysine content of 
diets in the different regions of the world. However, an evaluation of these major field trials 
has been conducted, by a task force of the US National Research Council (23), with the 
conclusion that the results of these trials " ... cannot be used to resolve, the question of 
whether lysine fortification of cereal staples can have a beneficial effect on fetal and child 
growth, health, or survival in populations with adequate energy intake but inadequate 
protein intake - the populations for which this intervention was implicitly designed." 
Therefore, our reassessment of the nutritional significance of the amino acid patterns and 
supply by diets world wide deserves careful consideration and inclusion in the planning of 
programs concerned with improving the nutritional quality of sorghum protein. 
SummaI)' and conclusions. We believe that new data on the amino acid requirements of 
humans, discussed above, are important for a more critical evaluation of the nutritional 
quality of cereal grains in human nutrition. Additionally, and beyond the specific purposes 
of this conference on the nutritional value of sorghum, we have been motivated to 
undertake this analysis because of the personal contacts that we have had with scientists 
working at the various Regional International Centers for Agricultural Research. To 
establish an effective linkage between nutrition and agricultural research and development 
programs the nutritional objectives must be based on a sound and reliable analysis of human 
needs and wants. In this context, we have become aware of the fact that the 
recommendations for protein and amino acids requirements put forward in 1985 by 
F AO/WHO/UNU (1) are now being used for purposes of making significant policy 
decisions, regarding the direction and nature of research at these centers. This may involve 
major changes in the thrust and direction, vis-a-vis previous research programs. Because of 
the potential importance of our new, yet still tentative, estimates of amino acid 
requirements in the adult (10), which are similar in pattern to those of the young child 
(Table 3) and in consideration of the fact that the latter pattern is now recommended by 
FAO!WHO (14) for evaluation of the nutritional quality of proteins for all ages, we hope 
that the present analysis will provide a more secure better basis for helping resolve 
questions about appropriate directions for major agricultural research programs focused on 
the improvement of cereal staples, and of sorghum in particular, in human nutrition. The 
present study reveals that the diets in a number of developing countries, in Africa, the Near 
and Far East, may be marginal both in their lysine value and also in their utilizable protein. 
This is primarily due to the much lower levels of lysine in cereal products as compared to 
those in animal foods and legumes. We estimate that where diets supply about one third or 
more of total protein from animal sources, or about 45% from a combination of animal 
proteins and legumes, the needs for lysine by most individuals in developing regions would 
be met adequately unless total protein supplies are very low. Conversely, if the diet supplies 
more than two-thirds of protein from cereals there is a risk of a lysine inadequacy. 
Therefore, in reference to the amino acid composition of diets in many developing regions, 
there appears to be a substantial rationale for continuing research directed toward 
increasmg the production of cereals, including sorghum, with higher lysine content. 
Furthermore, a similar argument could be made for improving the output, and efficiency of 
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production, of animal protein foods, in view of their relatively high lysine content. Decisions 
regarding the particular nature of an agricultural research program should be made within 
the context of the overall characteristics of the diet of the population of concern. In toto, 
there is a strong argument for a continued focus of research aimed at enhancing the protein 
nutritional quality of major cereal staples, through raising their content of available 
indispensable amino acids, and particularly of lysine. 
We present in Table 11 our major conclusions and recommendation, in abbreviated 
form, to highlight the points we have tried to justify above. 
Table 11. A summary of our conclusions and what this means in terms of agricultural 
research and policies. 
1. 
2. 
3. 
4. 
5. 
1. 
2. 
3. 
4. 
5. 
6. 
Protein quality (amino acid pattern) considerations are probably similar, if not 
identical, from preschool throughout the life-span. 
Judgement for protein gu~ty research should not be based on the age distinctions 
drawn in 1985 by FAO/WHO/UNU. 
The 1985 Preschool Amino Acid Requirement Pattern has been recommended by a 
recent F AO/WHO Expert Consultation for application to all ages above 1 year. Thus, 
a single scoring pattern is appropriate for assessment of dietary protein quality. 
Protein quality is a nutritionally important factor in predominantly cereal-based diets 
( especially where ~ 2/3 dietary protein is derived from cereals). 
Emphasis on nutritional improvement of cereal staples, including sorghum, should be 
on lysine and on amino acid "availability" (digestibility). 
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QUAUTY PROTEIN MAIZE: A BEI'lER LUNCH BUT NOT A FREE ONE 
R.P. Cantrell 
Director, Maize Program, CIMMYT 
Apdo Postal 6-641, 06600 Mexico, D.F. Mexico 
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Quality protein maize, or 9PM, is in various ways an exceptional cate~ory of 
germplasm in the CIMMYT Mruze Program. The numerous drawbacks of Its predecessor, 
soft endosperm opaque-2 maize, have presented us with unusually difficult technical 
challenges. The complexity of QPM breeding and the special nature of this germplasm have 
put us in the uncharacteristic position of developing final products for quite specific 
locations. In contrast, our normal materials are shaped to the requirements of broad 
production environments and generally serve breeders in developing countries as source 
germplasm for variety and hybrid development. 
QPM is also the only class of germplasm we handle in which a thorough assessment of 
the demand for it requires expertise that CIMMYT does not really have. In developing 
resistance to stem borers, for example, we are on much firmer ground. We know WIth 
certainty that borers are a serious problem worldwide and that in most developing countries 
resistant germplasm is the only practical means of controlling them. Projecting the demand 
for QPM, on the other hand, is complicated by the continuing debate about the extent of 
protein malnutrition in the developing world and the relative scarcity of data indicating 
whether or not QPM is a cost-effective solution. Granted that the effects of improved 
protein quality are less immediate than those of insect resistant maize, it is still hard to 
believe that the need for the one cannot be assessed as reliably as for the other. And one 
must wonder why, after nearly 20 years, this fundamental issue has still not been resolved 
satisfactorily. 
It is not my purpose, however, to speculate about the demand for QPM but rather to 
raise the issue of its cost. This has to be a major consideration for the CIMMYT Maize 
Program and its clients, now that we are faced with a wider range of options in germplasm 
development than ever before. After more than two decades of maize development, a large 
amount of elite tropical and subtropical germplasm is available; effective strategies have 
been devised for further enhancing it; and national maize programs have experienced 
impressive, if uneven, growth in breeding capacity. As a result, researchers m -developing 
countries are requesting, and the Maize Program is starting to provide, a more complete 
array of products (including sources of stress resistances as well as broadly adapted 
populations) for more diverse and demanding production conditions. Under the 
circumstances neither CIMMYT nor the national programs can afford to treat any class of 
germplasm, including QPM, as an exception to normal procedures for assigning priorities, 
which is partly a matter of weighing needs against costs. 
Conditions shapina early OPM research. That is our position in the early 1990s. Twenty 
years ago providing improved maize germplasm for developing countries somehow seemed 
more straightforward. CJMMYT's main contribution was to provide improved, broadly 
adapted populations and varieties. The ambition of most national maize programs, some of 
which had experimented unsuccessfully with hybrid development, was to generate from this 
and their own elite germplasm new open-pollinated varieties that would outperform and 
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replace the materials then in production, mostly farmers' landraces. For CIMMYT the 
challenge of this work lay in the great extent and diverse germplasm requirements of maize 
production in developing countries. 
In the early 1970s CIMMIT staff were occupied in developing a strategy to meet this 
challenge. Earlier an international group of nutrition experts and agricultural scientists had 
reached a consensus that improving the protein quality of maize and other cereals was one 
of the most effective means of reducing malnounshment in developing countries. This line 
of thinking coincided nicely with the plans of the CIMMIT Maize -Program. In 
disseminating improved maize throughout the developing world, it was suggested, why not 
offer producers and consumers a valuable, if invisible, bonus by providing genotypes with 
improved protein quality? This approach seemed especially plausible in the heyday of the 
Green Revolution, when new semidwarf wheat varieties were sweeping away the less 
productive taller genotypes. The resulting transformation of wheat production in Mexico 
and South Asia provided ample proof that technology could solve food problems in 
developing countries. One nutritionist even su~ested that new technologies such as 
opaque-2 maize might offer a means of correctmg social ills as well, mainly by lessening 
competition for increasingly scarce and expensive protein supplies between the haves and 
the have-nots (Altschul 1975). 
The various tasks involved in promoting this technology were discussed by a 
distinguished group of scientists who gathered in 1972 for the CIMMIT-Purdue 
International Symposium on Protein Quality in Maize. The proceedings of this event record 
astute observations by William Brown on seed production, Per Pinstrup-Andersen on cost-
benefit relationships, and many others. There was a strong feeling at that time, however, 
that the main obstacle to realizing the promise of improved protein quality in maize was 
largely technical. If only breeders could develop acceptable varieties, it was assumed, then 
all the other pieces of the puzzle would start falling into place. 
Overcomin~ technical obstacles to the adoption of opaque-2 maize. Early experience with 
opaque-2 genotypes had been disappointing. They yielded less than normal germplasm, and 
their grain characteristics were unacceptable to many developing country producers and 
consumers. Scientists at CIMMYT, however, became convinced that these problems were 
amenable to solution through the use of genetic modifiers interacting with opaque-2. 
Numerous studies have shown that these favorably affect maize kernel phenotype, and 
experience at CIMMIT has confirmed that the gradual accumulation of modifiers gives a 
more normal appearance to opaque-2 maize kernels. The Center's work also suggests that 
the modifiers rmse kernel weight and density and hence that selection for kernel 
modification brings the yield of opaque-2 germplasm much closer to that of normal maize. 
Based upon this insight, and after a few false starts, a procedure of backcrossing along with 
recurrent selection was implemented for converting normal populations to the hard 
endosperm, opaque-2 types that we now refer to as QPM. Because of the sometimes 
negative correlation between kernel modification and protein quality, cereal chemists had to 
analyze thousands of individual grains to ensure that essential improvements in QPM were 
not being gained at the expense of its distinct nutritional advantage. By the late 1970s, a 
wide range of tropical and subtropical QPM populations were available, and by the mid-
1980s work had begun on QPM hybrids for developing countries. 
Evaluations of progress in improving the kernel phenotype and yield of CIMMYT's 
QPM germplasm suggest that our breeding methodologies have been effective. In the 
tropical and subtropical QPM gene :p,ools, for example, eight cycles of selection dramatically 
altered the frequency of kernel modification scores. As shown in Figure 1, the percentage of 
kernels receiving a 4 or 5, indicating completely soft kernels, dropped precipitously, while 
Figure 1. Chan$es in the frequency of kernel modification scores over various cycles of 
seleCtion. 
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the proportion of vitreous kernels, with a score of 1 or 2, gradually increased. In a more 
recent study, CIMMYT staff reported substantial gains in kernel modification after five 
cycles of recurrent full-sib selection in two populations. These results confirm what is 
apparent from a casual comparison of QPM with normal maize ears, namely that in kernel 
phenotype the two are virtually indistinguishable. 
Good progress has also been made in reducing the yield gap between normal maize 
and the early opaque-2 genotypes. In a 1987 trial of tropical germplasm, for example, there 
was no significant difference between the mean yield of the six QPM populations and that of 
the six normal ones, although one QPM material did yield higher and another lower than 
the normal populations with which they were being compared (Table 1). Much the same 
results were obtained in a trial of QPM and normal subtropical populations. Of even 
greater interest are the results of comparisons made by the national programs themselves. 
The results of international trials conducted during 1988 in Africa, Asia, and Latin America 
show that at 69 out of 80 locations the QPM varieties yielded as much or more than the 
normal checks, which are generally the best available varieties or hybrids in each country 
where the trial is conducted (Table 2). The only on-farm data we have are from Guatemala. 
Table 1. Comparison of QPM and normal tropical and subtropical populations, 1987. 
Grain Days to Plant 
Germplasm yield silk height 
Mglha em 
Six tr08ical 
PM 5.50 55.8 224 
Normal 5.56 57.7 222 
Five subtropical 
QPM 6.25 57.4 188** 
Normal 6.39 57.4 181 
a 
• * 
Data from two locations only. 
Significantly different at the 0.01 level of probability . 
Tryptophan 
in endosperm 
proteina 
percent 
0.83** 
0.44 
0.73** 
0.44 
Scientists there reported that the QPM variety Nutricta, from CIMMYT's population 
Tuxpeno QPM, yielded only 2% less than the popular variety ICT A B-1, which was derived 
from normal Tuxpeno germplasm, and performed much better than the local unimproved 
variety (Table 3). Initial evaluations of germplasm emerging from our QPM hybrid program 
suggest that this material, too, is competitive with normal maize. In many of 11 diallel 
studies conducted in 1988 with S4-S6lines of tropical and subtropical adaptation, the best 
QPM single crosses out yielded the normal hybnd check. Among the tropical late white 
materials evaluated in diallel1, for example, the five best QPM single crosses yielded 5-14% 
more than the normal hybrid check and 32-43% more than the local check (the complete set 
of diallel data is available from CIMMYT). 
QPM still could use a few additional refinements. For example, we need to conduct 
further selection for resistance to ear rots in all of the QPM germplasm currently in the 
pipeline, and materials destined for Africa would need resistance to maize streak and those 
for Southeast Asia resistance to downy mildew. But apart from these adjustments, little or 
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Table 2. Comparison of grain yields of QPM varieties with local checks in international 
experimental variety trials. 
No. of locations where QPM was: 
Trial and germplasm type Higher Equal Lower Total 
EVT15A 
Trop. early white and yellow 4 13 3 20 
EVTl5B 
Trop. late white 4 10 2 16 
EVT15C 
Trop. late yellow 2 8 1 11 
EVTl5D 
Subtrop. white and yellow 2 10 2 14 
ELVT19 
Trop. white and yellow 3 13 3 19 
Total 15 54 11 80 
Note: Differences were significant at the .05 level of probability. 
Table 3. Performance of the QPM variety Nutricta in on-farm trials in Guatemala, 1982. 
In whole grain Tryptophan 
Endospe5 Grain content of 
Varieties yielda Protein Tryptophan protein modification 
Mglha percent 
Nutricta 4.70 11.5 0.092 0.80 2.3 
Normal: 
ICTAB-1 4.79 9.0 0.051 0.53 1.0 
Criollo 3.34 9.4 0.052 0.55 1.0 
Source: ICTA (1983). 
a Average lor 10 on-fanb sites. 
b Rated on a scale of 1 to 10, in which 1 = hard and 10 = soft. 
nothing remains to be done toward fulfilling the hopes of the participants in the CIMMYT-
Purdue symposium held during 1972. Seventeen years later quality protein maize 
germplasm with acceptable yields and kernel phenotype is available and has been for quite 
some time. But obviously, the dissemination and acceptance of this germplasm have not 
been automatic, and only marginal progress has been made toward replacing normal maize 
with QPM genotypes. 
Use of PPM in developini countries. Not that national programs have been unwilling to 
give it a try. Some have made considerable efforts to release QPM germplasm to farmers, 
most notably in Latin America, where maize is especially important in the human diet. The 
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Guatemalan national program, for example, has released an open-:pollinated QPM variety, 
Nutricta, and along with several other central American countries IS now evaluating QPM 
inbred lines and hybrids provided by CIMMYT. In 1988 the Brazilian maize program 
released the open-pollinated variety BR 451, developed from our Population 64, and has 
actively promoted it. The variety seems well adapted to many environments in the country 
and is reported to be particularly suitable for maIZe-wheat flour mixtures. In 1990,1,410 
tons of seed will be made available to Brazilian farmers, enough to plant 70,500 hectares 
(Magnavaca, personal communication). In Bolivia a soft endosperm variety, derived from 
tuxpeno-o2, IS already grown on 5,000 hectares, and in Peru COmposite J, under the name 
Opaco Huascaran, is planted to 1,000 hectares. The Peruvian national program is about to 
release another variety developed from one of CIMMYT's QPM populations. In Venezuela 
the QPM variety Across 7740 was released some years ago as FUNIP-2, and in Ecuador 
Across 8363 has just been released as INIAP-528. 
Though heavily concentrated in Latin America, the work of national programs with 
QPM has by no means been restricted to this region. Researchers in Senegal released the 
variety Obregon 7740, and Vietnamese breeders have released a variety derived from 
CIMMYT's Population 63. China has a fairly active QPM program, which has released a 
variety in Guangxi Province in the southern part of the country. In the northern temperate 
regions of China, soft endosperm, opaque-2, single cross hybnds are being grown. 
Other countries have experimented with QPM germplasm, but the nine I have 
mentioned are the only ones that have released QPM varieties, none of which are grown on 
more than a few thousand hectares, if that much. I suspect that the limited adoption of this 
germplasm, at least in developing countries, often has little to do with its appearance or 
performance. The main obstacle in my opinion is the high cost of promoting QPM 
germplasm among farmers and of ensuring that the grain they produce can move smoothly 
through market channels to consumers. 
The costs of successful PPM promotion. To illustrate just how formidable this obstacle can 
be for many of CIMMYT's clients, I would like to review eight steps that would be involved 
in a successful QPM production campaign (Table 4). The first five all have to do with 
releasing the variety or hybrid. They are relatively straightforward, assumin~ that the 
product is derived directly from CIMMYT QPM germplasm. The first step IS to select 
promising materials from the Center's QPM trials. In the second these are evaluated at 
experiment stations, and in the third they are tested in on-farm trials throu~out the 
country. The fourth step consists of basic seed multiplication and preparation of 
information to be distnbuted upon release of the QPM variety or hybrid, followed by 
commercial seed production in the fifth step. None of these tasks costs any more for QPM 
than for normal maize, as long as the national program is not employing CIMMYT's QPM 
products as source materials in combination WIth its own normal elite germplasm. This 
option is far more expensive, because it requires a protein quality laboratory for large scale 
testing of segregating materials. Only a few national prowams have decided to make this 
investment, and so far all of the QPM varieties released m developing countries have been 
selected from CIMMYT trials. 
There is a perception that producing seed of these varieties commercially is somehow 
more complicated than the normal germplasm. But in fact the same precautions that are 
taken to ensure the purity of normal maize seed ought to be sufficient for QPM as well. The 
only difference between the two is that the consequences of poor seed production would be 
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Table 4. Eight steps in a successful QPM production campaign. 
Comparison 
of costs, 
Steps QPM vs. normal 
1. Selection o~romising materials from CIMMYT's Same 
QP trials 
2. Evaluation at local experiment stations Same 
3. Testing at on-farm locations throughout Same 
the country 
4. Basic seed multiplication and preparation of 
information for release 
Same 
5. Commercial seed production Same 
6. Information to farmers More costly 
7. Establishment of special mechanisms QPM - high cost 
for marketing Normal- no cost 
8. Consumer education campaign QPM - high cost 
Normal - no cost 
much graver for QPM than for normal maize, since farmers would lose most of the 
nutritional benefit. And that is a distinct possibility in many developing countries, where the 
quality of seed production is generally low. 
If seed production is problematic for a number of CIMMYT's clients, it is not 
surprising that few have gone beyond this step to the more complex undertakings that would 
be needed to ensure widespread adoption of QPM germplasm. Of the nine countries where 
QPM varieties have been released, only two have proceeded any further. The primary 
reason, I think, is that the next three steps entail high costs that would not be incurred with 
normal maize. 
Steps six through eight involve the dissemination of information on a large scale to 
farmers, grain merchants, and consumers. In step six farmers adopting QPM must be 
informed that, if it is planted within a certain distance of normal maize, seed from this crop 
will produce a ~eneration that has much reduced protein quality and will be unusable for 
future productIon of QPM. Farmers do not have to know what a recessive gene is, but they 
do have to understand the consequences of the opaque-2 gene in producing QPM. 
Contamination will not be a problem where farmers purchase new seed each year from 
agencies that can certify the high protein quality and other distinguishing features of the 
QPM variety or hybrid. But the majority of farmers in developing countries cannot afford 
this luxury and produce their own seed or buy it from neighbors. They might at least reduce 
contamination by selecting seed for the next planting from the center of their QPM fields, 
where plants are less likely to have received pollen from adjacent fields of normal maize. 
This measure will often be ineffective, though, since many farmers in developing countries 
cultivate maize on small plots surrounded by other equally small plots belonging to 
neighbors. Even where that is not the case, transfer of this measure for avoiding 
contamination of QPM still presupposes effective systems of agricultural extension, which 
are even scarcer in developing countries than effective seed industries. 
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The difficulty of isolating open-pollinated QPM varieties under the tropical 
circumstances of developing country farmers is one of the main reasons we decided in the 
CIMMYT Maize Program to suspend population improvement and begin developing QPM 
inbreds and hybrids. A growing number of farmers are ready to adopt hybrid maIZe, and 
almost all the ones who do purchase new seed each year. These farmers also tend to have a 
more commercial orientation, producing sizeable quantities of maize for human 
consumption and livestock feed and occupying larger than average tracts of land near the 
grain markets. Developing germplasm for this group would seem to be an odd turn of 
events for a project that, according to one nutritionist, was supposed to provide a technology 
that might lessen competition for protein between the haves and the have-nots (Altschul 
1975). After all, QPM hybrids would be purchased mainly by farmers that are relatively well 
off; they in turn would sell a large portion of their grain to livestock producers, who would 
provide a source of protein that only the haves can afford. Be that as it may, commercial 
producers m!ly still be the best bet for making QPM widely available to poor urban 
consumers. The larger scale of these farmers' production, their greater efficiency, and their 
easier access to markets put them in a better position than the small scale farmer to provide 
a large and affordable supply of QPM for human consumption in urban areas. For the vast 
majority of farmers who do not enjoy these advantages, however, and for the rural people . 
who depend upon them for sustenance, there are still opportunities for the development of 
open-pollinated QPM varieties from the CIMMYT populations available and of synthetics 
from our new QPM inbreds. 
Whether a national program decides to promote QPM varieties or hybrids will affect 
the complexity and cost of transferring this technology to farmers. It will make no 
difference, however, in the establishment of special mechanisms for marketing QPM or in 
educating consumers about its nutritional advantages. These sters, seven and eight, are 
essential for establishing one condition upon which the success 0 the whole QPM enterprise 
rests, namely that purchasers of grain will recognize the special value of this maize and be 
prepared to pay a premium for it. Where this is not the case, farmers and grain vendors will 
not have a strong enough incentive to handle QPM. 
Anyone who has strolled through open markets in Peru, Ghana, or Pakistan will 
understand the difficulties of executing step seven in many developing countries. As 
effective as these markets may be for meetin~ the requirements of local economies, they are 
not conducive to handling a product whose distinctive attnbutes can only be discerned 
through a chemical test. The characteristic market practices of buying and selling in small 
lots and of mixing grain from different sources would make it virtually impossible to keep 
QPM separate from normal maize, not to mention the problem of proving to the wary 
trader that a given lot of grain really is QPM. 
The logistics of the final step, consumer education, are not so forbidding. The mass 
media have ~own rapidly in the developing world and to a certain extent have been enlisted 
into the seIVlce of development. But an effective public education campaign may still not 
have the desired result of getting QPM into the diets of the people who could benefit most 
from it. For the consumer with means, it is easy to choose the product that is higher in 
vitamins or offers some other nutritional benefit. But poor consumers, even those who are 
convinced that QPM is better for them and their families, will be strongly inclined to get the 
greatest quantity of food for their money by purchasing cheaper normal maize. Moreover, 
government agencies that purchase grain for sale to the public, often at a heavily subsidized 
price, will generally be under the same pressure to obtain a greater volume of maize rather 
than more nutritious maize. 
Apart from the complexity and high cost of these last three steps, the type of work 
they entail is mostly outside the day-to-day routine of the scientist who works with QPM 
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germplasm. It would take more time and a wider ran¥e of skills than most of them have to 
help muster the j>9litical support required for mobilizing farmers, grain merchants, and the 
media to make QPM a success. This is not to say that the task is impossible. My point is 
simply that it is a large undertaking and a more expensive one than many developing 
countries can afford. 
It is easy to understand why the problems associated with promoting QPM did not 
seem as daunting 20 years ago as they do now. More scientists were convmced then that the 
severity and extent of protein deficiency were great enough to justify the investment in 
developing and promoting QPM. They also felt, again because of the perceived dimensions 
of the protein problem, that once the drawbacks of opaque-2 germplasm had been 
eliminated this maize would spread rapidly in developing countries. If that had happened, 
the difficulties I have mentioned would not exist. Contamination with normal maize pollen 
would not be much of a problem, because most farmers would be growing QPM, in which 
case marketing this maize would present no special difficulties either. Qearly, however, the 
almost complete replacement of normal maize by QPM has proved to be an unrealistic 
prospect. Even normal improved varieties and hybrids are grown on no more than about 
40% of the maize area in developing countries. 
Future prospects for OPM. A more likely scenario is that QPM might contnbute to the 
alleviation of malnutrition in particular areas where protein sources are unusually scarce. 
These areas are likely to be of fairly limited extent and may often be remote from more 
prosperous communities. Their isolation would make the transfer of a new technology like 
QPM more difficult but by no means impossible. A much larger and more accessible group 
of potential QPM beneficiaries are livestock producers. Though hardly destitute and 
undernourished themselves, helping them could help the people who are. In many 
developing counties, rapid growth in livestock production is providing maize farmers with an 
expanded market for their grain and is creating employment for rural and urban 
populations. Any contnbution that QPM might make to the efficiency of livestock 
production could therefore contnbute to the generation of income, which is the best 
solution to undernourishment. For neither of these two possibilities, however, are there 
enough data from nutritional and economic studies to establish firmly the need for QPM 
and demonstrate the benefits to be expected from its adoption. And until such information 
is available, national programs will have little justification for going to the considerable 
expense of promoting QPM on a large scale. 
Conclusion. Unfortunately, the promotion of QPM has tended to be an emotionally 
charged issue since the early da~ of research on this special category of maize. The 
discovery of the opaque-2 gene s effect on the nutritional value of maize, for example, did 
not merely arouse interest but "fired the imagination", in the words of the introduction of the 
CIMMYT/Purdue proceedings, "of maize breeders, biochemists, nutritionists, and others 
intent on bettering the nutritive status of foods for the world's undernourished families." 
The imagination, however, is not necessarily a reliable guide to assigning priorities in a 
maize breeding program. If any category of germplasm is to receive exceptional treatment, 
its special status must be based on a cool assessment of needs, benefits, and costs. 
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Abstract. Cereal grain protein is notoriously deficient in the essential amino acid lysine, and 
often in tryptophan as in maize, and threonine in sorghum, rice and barley. However, it has 
been possible to select and develop grains with a higher content of lysine, which has resulted 
in an 1lIlproved protein qUality. The document reviews the nutritive value of high lysine 
maize, barley and sorghum, by first presenting the essential amino acid content of both the 
normal and the high lysine cereal, which when compared to accepted essential amino acid 
reference patterns, show the main amino acid deficiencies and chemical scores. Selected 
data from animal studies is presented which confirms the amino acid scores. The document 
reviews the available data on the protein quality evaluations in children and human adults 
fed QPM. All studies demonstrate that high lysine maize is significantly superior in protein 
quality than normal maize, for both young and adult human subjects. High lysine maize also 
stimulates food intake and increases the bioutilization of other nutrients such as calcium, 
carotenes and carbohydrates. Its better protein quality has also been demonstrated when 
tested as a component of diets with common beans. Nitrogen balance results conducted 
with children fed with normal and high lysine sorghum are also presented. The results show 
a relatively low protein digestibility. These also indicate the significant importance 
processing has on protein digestIbility of sorghum, an aspect which has to be resolved in 
order to demonstrate the beneficial effects of the higher lysine content in QPS. In fact, 
extrusion-cooked and fermented sorghum with lysine gave higher nitrogen balances than the 
unsupplemented preparations. Decortication, extrusion-cooking and fermentation have 
been shown to improve sorghum protein digestibility. Human data on barley are not 
available, however, it is certain the high lysine in QPB will also result in better protein 
quality in human subjects. 
Grajn Quality is a concept which is receiving increasing attention in crop breeding programs. 
It is a broad concept which in the past was used to incorporate into agricultural crops, 
desirable attributes based on the demand of users. Until very recently, however, other 
attributes demanded by the consumers and processors are being incorporated, such as color, 
acceptability characteristics, and processing or cooking quality. Production by itself as 
productivity without incorporation of grain quality attributes IS no longer a complete 
objective. In developing countries where human diets are made up of only a few items, 
mainly of vegetable origin and in general of relatively poor nutrient content, nutritional 
quality is also or should be also part of the grain quality concept. Therefore, the idea to 
improve the nutritional quality of basic food crops such as maize, sorghum and others was 
and is a step forward to obtain a more complete definition of prOductivity. That this idea is 
attainable in cereal crops was first demonstrated some 25 years ago when Dr. E.T. Mertz 
and coworkers (1) reported on the effect of the opaque-2 gene in maize to improve the 
essential amino acid content and balance in maize protein. The gene suppressed the 
synthesis of prolamine proteins, which are nutritionally poor, and the other maize proteins 
with a better content and balance of amino acids replaced the space left 0llen by less 
prolamines. Soon after it was shown that the floury-2 genes in maize also Improved the 
nutritional value of maize (2). The above finding was later on demonstrated to take place in 
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other cereal grains, and the Hily and Hiproly genes in barley were shown to introduce high 
lysine in this cereal grain improving its protein quality (3). A few years later high lysine 
genes were also found in two Ethiopian sorghum lines which as was the case for maize and 
barley improved its protein quality (4). 
In this document research results on the protein quality of high lysine cereal grains will 
be reviewed by first presenting the essential amino acid content of normal and high lysine 
cereal grains. Amino acid scores will be shown to indicate which are the limiting ammo 
acids and experimental evidence in rats will then be presented to confirm those estimations. 
This is reviewed to demonstrate that the increase in the limiting amino acid improves the 
protein quality of any cereal ~ain having such a deficiency, since the rest of the document 
will review the results of studies on the protein quality of high quality protein maize as found 
in young and adult human subjects. No such data as far as [know, are available for sorghum 
and barley. 
Essential amino acid content in normal and hlih lysine maize. sorihum and barley. The 
quality of a protein depends on the amount and proportions or balance of the essential 
amino acids which are absorbed, in relation to the needs for such amino acids by the animal 
organism. In general, essential amino acid content in the food is a relatively good indicator 
of the quality of a protein, particularly if the digestibility is high. A much better indicator is 
the content and pattern of the absorbed essential amino acids, which may be estimated by 
multiplying the content of the amino acids in the protein by its true protein digestibility. It is 
generally assumed that amino acid digestibility correlates highly with protein digestIbility. 
Therefore, knowing the essential amino acid content of a food corrected by the digestibility 
and comparing it to an essential amino acid reference pattern, provides the means to 
calculate its quality through amino acid scores. 
Table 1 shows the essential amino acid content of normal and high lysine maize (5,6). 
The table also shows the F AO/WHO scoring pattern and individual amino acid scores not 
corrected by digestIbility (see Appendix, Tables lA, Tables 2A, and 3A which present 
chemical scores based on the 1985 FAO/WHO essential amino acid reference pattern). In 
normal maize and on the basis of the reference pattern, lysine, isoleucine, sulfur amino 
acids, threonine and tryptophan are deficient. In high quality protein maize, the levels of 
lysine and tryptophan increased, with no major change in other amino acids, still lysine is low 
on the basis of the scoring pattern. Confirmation of these deficiencies has been published 
by a number of workers (8) and an example for normal maize (9) and high lysine maize (10) 
is shown in Table 2. For normal maize, lysine addition gives an increase in quality but not 
tryptophan added alone. The addition of both, however, causes a significant improvement 
not increased further by isoleucine and/or threonine added with lysine and tryptophan. It 
should be pointed out that some researchers have found responses to isoleucine and 
threonine (11, 12) but such a response depends on the level of protein at which the test is 
conducted and to the amount of prolamines present in maize. As shown in the table the 
high lysine maize responds to lysine, but not to any other amino acid added with lysine. 
Table 3 presents essential amino acid data on normal (13) and high lysine sorghum 
(14) and also the amino acid scores based on the FAO/WHO scoring pattern. Normal 
sorshum is deficient in lysine and in threonine. In high lysine sorghum the level of these 
ammo acids increased; on the basis of the scoring pattern, lysine and threonine are still 
deficient. Table 4 summarizes studies on the amino acid supplementation of normal 
sorghum (8). The data show a significant increase with lysine addition and a further 
increase when threonine is also added. Data on supplementation of high lysine sorghum is 
however not available. 
Table 1. Essential amino acid content and chemical score of normal and high lysine 
maize (mglg N). 
Maize Chemical Scores 
FAO/WHO 
Amino Acid Normal* High lys** Pattern*** Normal 
Lysine 177 256 340 0.52 
Isoleucine 206 193 250 0.82 
Leucine 827 507 440 1.87 
T.S.AA 188 188 220 0.85 
TAAA 505 502 380 1.32 
Threonine 213 199 250 0.85 
T~tophan 35 78 60 0.58 
Valine 292 298 310 0.94 
Leu/lsol 4.01 2.63 1.76 2.27 
* 
** 
Weighed average - 5 common maize samples. Bressani & Mertz, 1958. 
Pickett, 1966. 
*** FAO/WHO, 1973. 
High lys 
0.75 
0.77 
1.15 
0.85 
1.32 
0.79 
1.30 
0.96 
1.49 
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Table 2. Biological confirmation of essential amino acid deficiencies in normal and high-
lysine maize. 
Amino acid added 
None 
Lys ~.3%); (0.10%) 
Try 0.05%) 
Lys, ry (0.3, 0.05%); (0.10, 0.05%) 
Lys, Try, lsol (0.3, 0.05, 0.25%) 
Lys, Try, Thr (0.3, 0.05, 0.20%) 
Lys, Try, Met (0.10, 0.05, 0.10) 
* Howe et al. 1965. 
** Bressani et al. 1969. 
Normal* 
1.21 
1.51 
1.18 
2.66 
2.58 
2.56 
Maize 
PER 
Opaque-2** 
2.45 
2.78 
2.70 
2.70 
Table 5 shows amino acid data on normal and high lysine barley cultivars (15, 16). On 
the basis of the scoring pattern lysine is the first limiting amino acid followed by threonine, 
which has been confirmed by amino acid supplementation (8) as shown in Table 6. The 
improvement with lysine is however not as drastic as for the maize and sorghum shown 
before. Lysine and threonine together induce a small increase in quality over the value 
obtained from lysine addition alone. Data on amino acid supplementation of high lysine 
barley are not available. 
Table 3. Essential amino acid content and chemical score of normal and high lysine 
sorghum. 
Sorghum Chemical Scores 
FAO/WHO 
Amino Acid Normal* Highlys** Pattern*" Normal High Iys 
Lysine 134 204 340 0.39 0.60 
Isoleucine 255 259 250 1.02 1.03 
Leucine 892 816 440 2.02 1.85 
T.S.AA 206 235 220 0.93 1.06 
T.AAA 605 592 380 1.54 1.55 
Threonine 200 209 250 0.81 0.83 
Tryptophan 82 75 60 1.36 1.25 
Valine 334 323 310 1.07 1.04 
Leu/Isol 3.50 3.15 1.76 1.98 1.78 
* Srinivasan et al., 1972. Weighed average 522 lines. 
** Singh and Axtell, 1973 
*** FAO/WHO, 1973. 
Table 4. Biological confirmation of essential amino acid deficiencies in sorghum. 
Amino acid added 
None 
Lysine (0.4%) 
Lysine, Threonine (0.4, 0.3%) 
Casein 
* Howe et al., 1965 
0.69 
2.28 
2.44 
2.50 
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Although the experimental evidence suggests high lysine cereals to be still deficient in 
lysine, the increased levels of this amino acid obtained by the high lysine genes cause a 
dramatic increase in the quality of the protein of the cereal grains, particularly in maize. In 
this particular case tryptophan as shown above, in high lysine maize increased significantly. 
Results for opaque-2 maize (10) and QPM are shown in Table 7. In both cases average 
weight gain, food intake and protein or feed efficiency increased significantly and very close 
to the quality of the protein of reference or control. There are many other such results in 
the literature, which show without any doubt the better quality of the high lysine maize. 
Results for sorghum are shown in Table 8. The high lysine lines have a higher quality 
than the sugary lines and both better than the normal lines (18). A highly significant 
correlation was found between lysine content, as percentage of the protein and PER. It is of 
interest to point out the higher food intake from the hi and Su sorghums over the diet intake 
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Table 5. Essential amino acid content and chemical score of normal and high lysine 
barley. 
Barley· Chemical Scores 
FAO/WHO 
Amino Acid Normal HighIys Pattern·· Normal High lys 
Lysine 199 263 340 0.58 0.77 
Isoleucine 224 231 250 0.89 0.92 
Leucine 412 404 440 0.93 0.91 
E.SAA 238 229 220 1.08 1.04 
T.A.AA 625 585 380 1.64 1.53 
Threonine 213 224 250 0.85 0.89 
T~tophan 124 124 60 2.06 2.06 
Valine 283 308 310 0.91 0.99 
Leu/Isol 1.84 1.75 1.76 1.04 0.99 
• Newman et al., 1977 
•• FAO/WHO, 1973 
Table 6. Biological confirmation of essential amino acid deficiencies in barley. 
Amino acid added 
None 
Lysine (0.1 %) 
Lysine, Threonine (0.2, 0.2%) 
Casein 
• Howe et al., 1965 
Barley· 
PER 
1.66 
1.93 
2.28 
2.50 
Table 7. Protein quality of normal and opaque-2 maize and of normal and QPM. 
Maize 
Normal· 
Opaque-2· 
Casem· 
Normal·· 
QPM** 
Control·· 
• 
•• 
Bressani et al., 1969 
Sproule et al., 1988 
Ave. Weight 
gain 
25 ± 1.9 
130± 6.2 
132 ± 5.9 
Av~. daily 
gam,g 
1.97 ± 0.27 
4.25 ± 0.67 
3.66± 0.72 
Food Intake 
gl28 days PER 
248 ± 11.5 1.49 ± 0.07 
455 ± 12.7 2.79 ± 0.07 
408 ± 10.7 2.88 ± 0.06 
Feed Intake Feed/Gain 
glday 
13.26 ± 1.84 6.79± 0.64 
17.20 ± 2.61 4.08 ± 0.42 
15.29 ± 2.00 4.17 ± 0.32 
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from the normal. Similar results have been obtained from barley as shown in Table 9. As 
with the other cereal grains, average weight gain, food intake and feed and protein efficiency 
were higher for the high lysine lines when compared with the normal lines (15). It is clear 
therefore, that the increases in lysine content have resulted in an improvement in the 
protein quality of the cereal grains. One aspect which is of interest and which has, as far as I 
know, no explanation, is that the high lysine materials have a smaller protein digestIbility as 
shown in Table 10, than the normal types (15, 17, 19). This is an indication that what 
determines protein quality is the amount and pattern of amino acids absorbed . 
Table 8. Protein quality of normal, sugary and high lysine sorghum. • 
Sorghum Ave .. weight Feed intake Feed/Gain 
gam,g g 
High lysine lines 
IS 11167 34 193 5.6 
IS 111758 49 235 4.9 
Sugary lines 
Ave. 5 25 185 7.8 
Normal lines 
(17-32) (159-200) (6.5-9.8) 
Ave. 3 16 172 11.3 
(10-25) (150-187) (7.5-13.5) 
• Adapted from Singh & Axtell, 1973 (pp. 23-57) . 
Table 9. Protein quality of normal and high lysine barley. 
Hiproly 
Normal Hiproly 
CI4362 CI3947 
Ave. wt. gain, g 
Trial 1 4O.9± 2.6 57.5 ± 2.5 
Trial 2 40.3 ± 2.4 68.2 ± 2.4 
Ave. feed,g 
Trial 1 213.4 ± 8.4 242.5 ± 8.0 
Trial 2 238.9± 8.8 280.9± 8.6 
Ave feed/gain 
Trial 1 5.32± 0.3 4.34 ± 0.3 
Trial 2 6.03 ± 2.0 4.15 ± 1.9 
PER 
Trial 1 1.61 ± 0.05 1.98 ± 0.5 
Trial 2 1.64 ± 0.10 2.45 ± 0.10 
Newman et al., 1974. 
PER 
1.78 
2.06 
1.24 
(0.92-1.24) 
0.86 
(0.61-1.24) 
Casein 
67.0± 2.5 
65.5 ± 2.7 
222.4 ± 8.4 
236.8 ± 9.3 
3.35 ± 0.3 
3.70 ± 2.1 
2.97 ± 0.05 
2.65 ± 0.10 
Protein Quality of hiah-Iysine maize in human subjects. Throughout the years, various 
studies on the protein quality of high-lysine maize in both children and adults have been 
conducted. Such data are not available for sorghum and barley, however, on the basis of the 
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results shown in the previous section, it would be expected for high-lysine sorghum and high-
lysine barley to show their higher protein quality in humans as compared to the normal 
counterparts, as well. 
Table 10. Protein digestIbility of normal and high lysine maize, sorghum and barley, %. 
Maize 
Normal 
QPM 
Sorghum·· 
Normal 954063 
IS-11758 
Barley··· 
• 
•• 
••• 
Hiproly normal 
Hiproly CI3947 
Sproule et al., 1988 . 
Axtell et al., 1981 . 
Newman, etal., 1974. 
Dry matter 
91.4 ± 0.56 
90.2± 0.62 
Protein 
86.1 ± 0.66 
85.5 ± 2.03 
80.0 
76.5 
78.7 ± 1.1 
72.1 ± 1.1 
Energy 
92.9± 2.30 
90.8± 0.73 
The evaluation of high-lysine maize in human subjects has been conducted by the 
nitrogen balance technique, from which protein digestibility and the biological value of the 
protein can be calculated. Besides metabolic studies, growth studies in children have been 
conducted. These will be reviewed in a summarized form. 
NitrQKen balance in chIldren. Table 11 summarizes data on the protein quality evaluation in 
children recovered from protein-ca1orie malnutrition. In all cases nitrogen retention from 
opaque-2 feeding resulted in nitrogen balance lower than the protein of reference, but 
significantly higher than the nitrogen balance from common maize when this was fed (20, 21, 
22, 23). Nitrogen balances at levels of protein intake of around 1.6 glkglday are remarkably 
close and are underlined in the table, in spite of the fact that they were conducted by 
different research groups in different years. The studies of Luna-Jaspe et al. (21) show 
negative nitrogen balance; however, the level of protein intake was very low, as well as the 
digestIbility. In spite of that, high-lysine maize showed a negative balance but significantly 
less than that observed with normal maize. In 1989 Graham et al. (24) reported on nitrogen 
balance studies with QPM Nutricta, a crystalline maize available in Guatemala. Its quality 
was 78% that of casein and 45% above that of normal maize. Graham et al. (23) reported 
on plasma free amino acid levels of children fed normal opaque-2 and opaque-2 sugary-2 
maize. They indicated that on the basis of lysine level in plasma, lysine was probably limiting 
in quality protein maize for children, which confirms results obtained with growing rats (10). 
Other results in children but using the nitrogen balance data expressed as Biological Value 
are shown in Table 12. The NBI (nitrogen balance index) - a measure ofBV - was 0.72 from 
opaque-2 maize, as compared to 0.31 for normal maize and 0.80 for milk (25, 26). The BV 
of Opaque and Crystalline high-lysine maize from the studies of Pradilla et al. (27) were 76 
and 75%, respectively, very close to the value of casein and about 37% higher than that of 
normal maize. 
Table 11. Summary of nitrogen balance studies in children. 
Nitrogen 
Food Protein level 
intake 
glkglday 
Absorbed Retained 
% of intake 
Milk 
~que-2(1) 
Milk 
~que-2(1) 
Common maize 
Opaque-2 maize (2) 
Milk 
Normal 
Opaque-2 (3) 
Su-2fO-2 
Casein 
Casein 
QPM (4) 
Common maize 
• 
1 
2 
3 
4 
gjday 
13ressani et al., 1969 
Luna-Jaspe et al., 1971 
Graham et al., 1980 
Graham et al., 1989 
1.73 
1.84 
1.69 
1.17 
1.49 
1.19 
1.01 
0.95 
0.95 
1.6 
1.6 
1.6 
1.6 
13.63· 
14.21· 
14.10· 
Table 12. Other results of protein quality in children. 
Protein source Prot. Dig. % 
81.2 
75.6 
84.5 
83.4 
71.4 
82.1 
61.5 
57.9 
66.4 
73.1 
70.6 
70.4 
83.5 
82 
70 
69 
NBI 
Skim milk (1) 82.3· 0.80 
Opaque-2 maize (1) 73.5· 0.72 
COmmon maize (2) 0.31 
24.5 
ru 
28.4 
36.4 
26.0 
25.3 
- 33.5 
- 5.3 
+ 1.3 
26.8 
30.1 
31.6 
39.6 
41 
32 
22 
VB 
57 
-------------------------------------------.--------------------------
Casein (3) 98·· 77 
H-208 Opaque (3) 91·· 76 
H-208 Crystalline (3) 87·· 75 
H-208 Normal (3) 78·· 47 
• 
•• 
1 
2 
3 
Apparent protein digesttbility 
True protein digestibility 
Bressani et al., 1966 
Bressani, 1973 
Pradilla et aI., 1973 
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Nitro~n balance in adults. The number of studies conducted with adult human subjects are 
as abundant as those carried out with children. The results show again the higher quality of 
high-lysine maize. The results are summarized in Table 13. In this table quality of normal 
maize from other workers is also included. Oark et al. (28) showed that nitrogen 
equilibrium was obtained with an intake of nitrogen from high-lysine maize of 4.28 g 
(equivalent to 230 g of maize). Kies et al. (29), on the other hand found that with normal 
degerminated maize nitrogen equilibrium was obtained with an intake of 7.00 g of nitrogen. 
This intake was equivalent to around 547 g of degerminated maize. The NBI was estimated 
to be 0.38. Oark et al. (30) later reported on the nitrogen balance of normal maize and 
maize with the 0-2 and o-21su-2 genes fed at two levels of intake. Opaque-2 maize gave 
positive balances at both levels of intake, while the 02-su2 maize gave positive nitrogen 
balance only at the high level of nitrogen intake. All balances were however higher than 
those from normal maize. Kies and Fox (31) fed 3 lines of maize to 5 adult human subjects 
Table 13. Protein quality of high lysine maize in adult human subjects. 
Maize Amount of maize 
for Nit. Equil., glday 
Opaque-2 (1) 230 
Normal (2) 547 
Maize Nintake Nitrogen NR Apparent 
g balance,g % intake Digest., % B.V. 
Normal (3) 5.50 -0.28 - 5.1 
66.0 
4.40 -0.07 -1.6 
Opaque-2 (3) 5.50 0.31 +5.6 
68.8 
4.40 0.38 +8.6 
Sugary-2 5.50 0.40 +7.2 65.5 
Opaque-2 (3) 4.40 -0.45 -0.9 
Sme cross hybrid 4.0 -1.58 
N 2xN7502~) 4.0 -1.00 
W64A02x [540 2x 4.0 -0.69 
B372] Selfed 02 
Opa
C
ue-2 (5) 3.83 -0.63 -16.4 92 80 
Egg 5) 3.24 -0.45 -13.9 96 86 
Normal ~6~ 8.72 +0.40 4.6 40 Normal 6 4.32 - 0.068 -1.6 57 
1 Oark et al., 1967 
2 Kies et al., 1965 
3 Oark et al., 1977 
4 Kies & Fox, 1972 
5 Young et al., 1971 
6 Truswell & Block, 1962 
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and found as shown in the table, a higher nitrogen balance for the two types containing the 
0-2 gene. These authors found the same nitrogen balance response when the 3 types of 
maize were fed at equal levels of intake of ground grain. They concluded that products from 
opaque-2 maize offer an improved protein source for the human adult. However, from 
other studies by the same authors, they concluded lysine was still the first limiting essential 
amino acid. This finding confirms results in growing rats (10) and in children (23). The BV 
of 0-2 maize was 80% while that of egg was 96%, as reported by Young et al. (32) as 
compared to results by Truswell and Brock (33) of 40-57% BV for normal matze. The 
superiority of high-lysine maize over that of normal maize is therefore evident in children 
and adult human subjects. Furthermore, there is consistency between animal and human 
data. 
Growth studies. Growth studies are not many, however, a relatively long test was conducted 
in India in 1975. Groups of children 18 to 30 months old were assigned to different feeding 
treatments after passing a physical and clinical examination. All children selected had to be 
free of any disease and at least 60% of the normal weight for that age. The experimental 
groups included a control, a group fed milk, one fed normal maize and one fed opaque-2 
maize. All diets were supplemented with calories, vitamins and minerals. The dIets 
provided 10 g protein and around 405 calories, equivalent to 1/3 of the daily recommended 
allowances for calories and proteins. Feeding lasted 183 days, on 25 children in the control 
group, 42 on milk, 35 on normal maize and 32 on the opaque-2 maize. Many records were 
obtained, but only accumulative weight gained on the diets is shown in Figure 1. Children 
on high-quality maize gained weight only slightly less than those fed milk and significantly 
more than children fed normal maize (34). Other parameters measured suggested in 
addition to weight gained, an attractive response to high lysine maize. 
Other nutritional benefits derived from the improved protein Quality of cereal lUains. Most 
of the nutrition evaluation research conducted on the high-lysine cereal grains has centered 
in demonstrating the higher protein biological value they have. However, there are other 
nutritional benefits not often indicated with merit to be reviewed. These are listed in Table 
14, and include a higher food intake from diets made up of the high-lysine cereals, and a 
higher niacin availability, particularly for com. The improved protein quality in maize 
improves calcium utilization in food products processed by lime soda as tortilla, with a 
higher carotene utilization and improved carbohydrate biological utilization. Furthermore, 
high lysine cereal grains offer nutrition security when consumed if no other foods are 
ingested. The experimental evidence to back the six beneficial effects obtained in addition 
to a better protein quality, will be discussed. 
Table 14. Consequences of improved lysine and tryptophan content in maize other than 
higher protein quality. 
1. Stimulation of food intake 4. Higher carotenoid bioutilization 
2. Higher niacin availability 5. Higher CHO bioutilization 
3. Higher calcium bioutilization 6. Better supplement to bean diets 
Hi~her food intake. Although this was shown before for all 3 cereal grains, additional data 
are shown in Table 15 for high lysine maize. In this particular study growing rats fed the 
high lysine maize all along the 4 weeks of the study consumed increasing amounts of diet. 
Figure 1. 
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On the other hand, rats fed on normal maize consumed about the same amount every week 
(35). The higher food intake results in higher weight gain and also in a higher feed 
conversion efficiency. A higher food intake obviously means a higher intake of all nutrients 
including energy, which does not take place with the normal quality cereal grain. It is certain 
that a similar situation would take place in humans. In most developing countries energy or 
calorie intake is low mainly because the quality of the diet is so poor it does not promote 
appetite, even if food calories are available. 
Table 15. Food intake of rats fed diets with 90% common and QPM maize. 
Ave. Diet Intake, g/rat 
Week 
1 
2 
3 
4 
Total 
Feed efficiency* 
* Diet intake/wt gain 
Bressani et al. (35) 
66 
88 
97 
101 
352 
QPM 
± 8.4 
± 13.2 
± 12.8 
± 14.2 
± 43 
6.64 
Common Maize 
52 ± 6.4 
59 ± 9.5 
61 ± 11.7 
58 ± 11.5 
228 ± 30 
10.45 
Increased niacin availability. Maize has always been associated with pellagra induced by 
niacin deficiency which various workers have indicated to be due to a poor niacin availability 
from the cereal grain (36). Other researchers believe, however, that niacin deficiency is due 
to an imbalance of amino acids in which leucine as well as low levels of tryptophan playa 
role (37). The results in Table 16 show that the niacin availability from opaque-2 maize is 
high since it induced a good weight recovery after 35 days on a niacin-free diet (10). The 
addition of niacin or lime cooking to opaque-2 maize did not improve weight recovery which 
took place with normal maize diets, particularly when niacin was added. 
Table 16. Niacin availability from common and quality protein maize. * 
Maize 
Common 
Opaque-2 
Raw 
Raw 
Lime-cooked 
Raw 
Raw 
Lime-cooked 
Niacin 
+ *** 
+ *** 
* Niacin depletion with Kodicek & Silson diet for 35 days. 
** In 28 days .f 
*** Niacin added 4 mg/100 g diet 
Adapted from Bressani et al., 1969. 
Ave. weiaht gain 
g** 
- 9 
+55 
+ 1 
+52 
+56 
+36 
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Increased calcium absorption. In maize-consuming countries in which maize is processed by 
lime cooking, it represents the main source of dietary calcium. In the results shown in Table 
17 conducted in rats, maize was fed raw, or as lime-cooked maize, both were supplemented 
with lysine, and Ca utilization was measured. The data show that an improvement in 
protein quality resulting from lysine addition was always associated with a higher absorption 
and retention of Ca which approached the values measured from milk (38). Although tests 
with QPM have not been conducted, it is expected that it will improve Ca bioutilization by 
the animal organism. 
Table 17. Absorption and retention of calcium from raw maize and lime-treated maize 
with and without lysine supplementation. 
Abs0o/!'tion Retention 
% 
Maize 78.6 ± 4.6 88.0 ± 4.6 
Lime-treated maize 85.4 ± 4.6 83.6 ± 4.6 
Milk 97.0 ± 4.4 91.8 ± 1.2 
Maize + Lysine SO.7 ± 3.5 79.3 ± 3.4 
Lime-treated maize + Lys 89.8 ± 3.0 97.8 ± 2.7 
Milk 96.5 ± 0.6 94.5 ± 1.2 
Lime-treated maize 88.3 ± 7.3 87.0 ± 7.2 
Lime-treated maize + Lys 91.8 ± 3.8 90.1 ± 3.8 
Lime-treated maize + AA mix 96.9 ± 0.6 94.8 ± 0.5 
Braham & Bressani, 1966. 
Increase in B-carotene utilization. The same approach as that described for Ca has been 
done with yellow maize with and without lysine supplementation. The data in Table 18 
show a higher vitamin A potency from normal yellow maize supplemented with lysine and 
tryptophan to improve its quality than for normal maize without supplements. Studies with 
yellow QPM selections are underway in our laboratory (39). 
Table 18. Vitamin A potency from yellow common maize. 
Diet treatment 
Common maize 
Common maize + 0.34% L-Lys 
+ 0.10% L-Try 
De Bosque; Castellanos; Bressani 
Vitamin A potency 
1.12 ± 0.68 meg Retinol/g maize 
0.150 ± 0.091 meg Retinol/meg B-carotene 
1.44 ± 0.69 mcg Retinol/g maize 
0.193 ± 0.093 mcg Retinol/meg B-carotene 
Improved CHO utilization. In recent studies conducted by Graham et al. (24) using QPM 
Nutricta, they found higher nitrogen retention values in children fed this maize as compared 
to normal maize. In these experiments, the above workers measured breath hydrogen 
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excretion which is an indicator of carbohydrate bioutilization. Figure 2 and 3 show breath 
hydrogen excretion in two of 6 children tested. It can be seen that during QPM 
consumption breath H2 excretion was higher than during casein feeding but much lower 
than when normal maize was fed. These authors indicated that "the lesser production of H2 
during QPM consumption than during normal maize consumption may have nutrition 
implications other than the probable advantage of having less abdominal distention and 
flatus" (24). 
Hi~h Quality insures nutritional security. It is often indicated that high quality cereal grains 
are really not needed because the deficiencies in normal grain, maize in particular, would be· 
made up by other foods consumed along with maize. This of course is not often the case 
and most of the time the only food consumed is maize as tortilla for example. To 
demonstrate the point that protein quality insures nutritional status Figure 4 is presented. 
In this example two responses are shown. One of common maize and beans (40) and the 
second that of QPM and beans (41). This type of response has been measured under many 
different experimental conditions obtaining always the same results. 
For normal maize, as the amount of beans increase (C to D), there is a linear 
improvement in quality which reaches maximum value when the two components are in a 7 
to 3 weight ratio of maize and beans (point D). More beans, above 3, will result in a 
decreased utilization (Point 0). The res:ponse is different when QPM is blended with beans 
in different ratios. In this case, as beans mcrease (A to B) there is a linear horizontal 
response up to the 30% level of beans and 70% of QPM (Point B). However, the quality of 
the diet decreases to Point E as more bean protein replaces QPM protein as occurred with 
normal maize. The horizontal response (A to B) is interpreted to mean that the presence or 
absence of beans does not influence protein quality as it did for normal maize. Another 
factor of interest is that the QPM/bean consumption system has a higher protein quality 
than the normal/bean consumption system even though dietary proteins are different in this 
study. Table 19 shows the results of a 6O-day feeding period with growing rats fed common 
and opaque-2 maize alone and in a mixture with beans. The higher quality of the opaque-2 
maize diet and in the mixture with beans gave a higher food intake, weight gain and feed 
efficiency. Therefore, even in diets as those shown, the superiority of high lysine maize is 
Table 19. Mean values of food, weight gain and feed efficiency during a 6O-day vitamin A 
depletion period in rats. 
Diet Food consumption Weight gain Feed 
g* g* efficiency** 
Common maize (91%) 660.7 ± 10.8 43.2 ± 2.5 15.28 
Opaque-2 maize (91 %) 936.4 ± 25.7 124.2 ± 7.7 7.53 
Common maize + beans 928.1 ± 52.0 130.8 ± 12.4 7.10 
(64%,27%) 
Opaque-2 maize + beans 982.5 ± 33.5 141.4 ± 14.4 6.94 
(64%,27%) 
Wolzak and Bressani, 1986. 
* Mean values for 8 rats in each group. 
** Feed efficiency = food consumption divided by weight gain. 
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evident. An additional study is shown in Table 20 in which the diet made of normal and/or 
opaque-2 maize was evaluated with different levels of oil. For both groups, as oil increased 
diet mtake decreased, which also decreased weight gain and PER for the normal maize group. 
For the QPM group PER remained high independent of fat level, even if food intake 
decreased. This was interpreted to indicate that even if diet intake is low, its quality remains 
high due to the better quality of the diet with opaque-2 maize. 
Table 20. Food intake, weight gain and PER of maize/bean diets with different levels of 
energy. 
Diets 
68CM117B 68 QPM/17B 
Fat Food Wt. PER Food Wt. PER 
in diet intake gain intake gain 
% g g g g 
0 383 75 2.03 432 102 2.15 
2.5 354 69 2.03 399 94 2.24 
5.0 337 66 2.05 365 84 2.16 
7.5 310 52 1.70 381 90 2.36 
10.0 318 59 1.88 362 79 2.21 
Average 340 64 1.94 388 90 2.22 
9.6% protein in diets - 28 days. 
DigestIbility of IWlin sorKhum protein. A problem which has played a significant role in the 
evaluation process of the protein quality of high lysine sorghum has been the low digestibility 
of sorghum as a grain. For most proteins rat digestIbility values agree relatively well with 
human values, but apparently the exception is sorghum. On the other hand, it is well known 
that processing influences protein digestIbility. An example for growing rats is given in Table 
21. In this study sorghum grain used as human food in Guatemala was utilized (43). A sample 
was fed raw; another sample was soaked for 2 hours, washed and then pressure cooked in 
water for 15 min at 15 psi; a third sample was extrusion cooked dry at 140° C and a final 
sample was popped at 250· for 45-55 seconds. The order from lowest to highest digestibility 
was the popped, cooked, raw and extruded. Wet cooking decreased slightly the digestIbility 
when compared to raw sorghum as was shown in in vitro studies with pepsin (19). A similar 
heat intense process such as popping decreased protein digestibility also and caused extensive 
damage to the protein. On the other hand, extrusion cooking gave a product with a relatively 
good true protein digestIbility. Similar results have been reported by Vivas et al. (44) and 
Sema-Saldivar et al., (45) for sorghum processed by different techniques. With the exception 
of extrusion-cooking and pearling or decortication, all thermal processes decreased 
digestibility of the protein, which has been explained on the basis of changes in the prolamines 
of sorghum. 
Processing knowledge is therefore important in the interpretation of protein 
digestibility evaluation in humans. Table 22 summarizes children's response to various 
sorghum samples receiving variable degrees of processing. The first tested, were samples 
boiled 15-20 minutes and all digestibility values are extremely low (46). In the second set, 
Table 21. True protein digestIbility of raw and processed sorghum, %. 
Process 
Raw 
Pearled 
Water cooked 
Extrusion cooked 
Popped (250· C) 
Decorticated-Roasted 
Lime-cooked 
Water steeped 
Pearled Lime-cooked 
Pearled tortilla 
Tortilla 
1 Bressani et al., 1987 
2 Vivas et al., 1987 
3 Serna-Saldivar et al., 1988. 
In vivo1 
77.8ab 
76.2bc 
82.8 a 
71.1c 
In vitr02 
87.3 81.7 ± 1.6 
83.4 
83.6 77.4 ± 3.0 
85.0 
76.5 ± 1.3 
87.0 ± 1.8 
83.0 ± 1.6 
84.9 ± 1.3 
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the sample was decorticated, extruded and water-cooked before feeding (47). In this case 
lysine was added and both digestIbility of the protein and nitrogen balance were much 
improved. In the third set of samples, the sorghum was fermented, cooked in water for 3-5 
minutes before freeze-drying and it was again water cooked for 10 minutes before feeding 
(48). The digestIbility was high, but lower than the decorticated and extruded sample. Lysine 
addition improved nitrogen retention from 26 to 34%. Processing is therefore influencing the 
results, with water cooking being more influential in a negative way. However, the reasons for 
the effects of processing on digestibility, particularly wet cooking, have not been well 
elucidated. Dietary fiber in sorghum may be playing a role, a component which decreases 
upon decortication, and decorticated samples show a higher protem digestibility. Extrusion-
cooking with a hi2b temperature short-time process, may also reduce protein digestibility. 
Some of these effects are shown in Table 23. In this study, samples of red and white sorghum 
were fed as a whole grain, decorticated, decorticated/extrusion cooked, and the polishings 
from the decortication. The results confirm the effect of decortication in terms of protein 
digestibility for both sorghum samples. The results also show a decrease in digestibility in the 
decorticated and extruded samples of both red and white sorghums. The polishings showed a 
very low digestIbility, which was lower for white polishings as compared to red polishings. The 
protein quality (PER) of the polishings was 56% of the casein value, while the raw whole grain 
had a quality of 24 and 31 % of casein for red and white sorghum, and the polished and 
extrusion cooked products gave a quality of 43 and of 57% of casein, respectively. This was 
interpreted to mean that the polishings had the aleurone layer and possibly the germ with 
better protein quality but it also had higher levels of dietary fiber than the polished grain. This 
information suggests that for future sorghum quality research, lines with lower fiber should be 
selected, and for evaluation purposes the samples should be processed by a standardized 
technique before feeding either animals or humans. With respect to evaluation of nutritional 
quality, the recommendation would be to test the sorghum as a component of diets rather than 
as the sole protein source. This also applies to the other high-lysine cereal grains. Finally, due 
to the difficulties to introduce such nutritionally improved grains into production, which must 
not be discarded, it seems best to develop food products based on these grains to take 
advantage of their improved amino acid balance, when in the best development stage or when 
mature. 
Table 22. DigestIbility of sorghum protein in children. Effects of processing. 
Sorghum 
Sample 
954114 (1) 
954063 (1) 
P721-0P9 (HiLys) (1) 
IS 11758 (HiLys) (1) 
Casein (1) 
954063 (2) 
Casein (2) 
954062-63 (3) 
Casein (3) 
Process 
Boiled (15-20 min) 
Boiled (15-20 min) 
Boiled (15-20 min) 
Boiled (15-20 min) 
Decorticated 
Extruded (177· C) 
Boiled (10-15 min) 
Lysine (3% protein) 
Fermented - Lys 
Cooked (3-5 min) 
Freeze-dried + Lys 
Boiled (10 min) 
1 MacLean, Jr. et al., 1981 
2 MacLean, Jr. et al., 1983 
3 Graham et al., 1986. 
Nitrogen 
Absorption, % 
46± 21 
47± 16 
54± 15 
35 ± 13 
81 ± 4 
81 ± 4 
84± 3 
74± 6 
73 ± 5 
86± 3 
Nitrogen 
Retention, % 
12± 10 
18± 12 
16± 10 
11 ± 9 
49± 11 
21 ± 6 
27± 8 
26± 10 
34± 9 
35 ± 11 
Table 23. Apparent protein digestIbility of sorghum and processed products. 
Apparent Protein DigestIbility, % 
Process and Product Red White 
Whole grain 75.9b 83.1 ab 
Polished grain 86.2 a 85.9 a 
Polished extrusion 84.0 a 79.5b 
cooked grain 
Polishings 61.5 c 43.4c 
MSD 3.99 4.78 
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Appendix 
Table 1A Essential amino acid content and chemical score of normal and high lysine maize, 
mglg protein. 
Maize FAO/WHO Chemical Score 
Amino Acid Normal* High Lys** Pattern*** Normal 
Lysine 28 41 58 48 
Isoleucine 33 31 28 118 
Leucine 132 81 66 200 
T.S.AA 30 30 25 120 
T.AAA 81 80 63 128 
Threonine 34 32 34 100 
Tryptophan 6 12 11 54 
Valine 47 48 35 134 
Leu/lsol 4.01 2.63 2.35 1.69 
* 
** 
Bressani & Mertz - Weighed average 5 common maize samples 
Pickett, 1966 
*** FAO/WHO, 1985. 
HighLys 
71 
111 
123 
120 
127 
94 
109 
137 
1.11 
Table 2A. Essential amino acid content and chemical score of normal and high lysine 
sorghum, mglg protein. . 
Sorghum FAO/WHO Chemical Score 
Amino Acid Normal* High Lys** Pattern*** Normal HighLys 
Lysine 21 33 58 36 57 
Isoleucine 41 41 28 146 146 
Leucine 143 130 66 217 197 
T.S.AA 33 38 25 132 152 
T.AAA 97 95 63 154 151 
Threonine 32 33 34 94 97 
Tryptophan 13 12 11 118 109 
Valine 53 52 35 151 148 
Leu/lsol 3.49 3.17 2.35 1.49 1.35 
* Srinivasan et al., 1972. Weighed average 522 lines. 
** Sin~ and Axtell, 1973. 
*** FA /WHO, 1985. 
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Table 3A. Essential amino acid content and chemical score of normal and high lysine barley, 
mg/g protein. 
Barley· FAO/WHO·· Chemical Score 
Amino Acid Normal High Lys Pattern Normal HighLys 
Lysine 32 42 58 55 72 
Isoleucine 36 37 28 128 132 
Leucine 66 65 66 100 98 
T.S.A.A. 38 37 25 152 148 
T.A.A.A. 100 94 63 159 149 
Threonine 34 36 34 100 106 
T~tophan 20 20 11 182 182 
Valine 45 49 35 128 140 
Leu/Isol 1.83 1.76 2.35 0.78 0.74 
• Newman et al., 1977 . 
•• FAO/WHO, 1985 . 
QUALI1Y.PROTEIN MAIZE DEVELOPMENT IN BRAZIL 
Ricardo Magnavaca 
National Maize and Sor2hum Research Center 
Sete Lagoas MG, Brazil 
Introduction. Maize ranks first among cereals being produced in Brazil. It is the most 
widely grown crop being planted in regions with a great environmental diversity: humid 
tropiCS, semi-arid tropics, acid savannas soil, and sub-tropical fertile soils. General 
indications for maize production in 1989 are summarized in Table 1. 
75 
The large number of producers, diversity in production environments and in 
technological levels make hard the process of technological development and extension. 
The utilization of improved maize seeds that last decade covered about 70% of the planted 
area, decreased sharply to about 50% last year (Abrasem, 1989). . 
This abnormal situation is due to high seed cost and lack of credit, but may change 
rapidly. Most of the improved seeds are hybrids (90% ) and the remaining 10% are 
improved open-pollinated varieties. Farmers that usually do not buy improved seeds are 
usually sowmg second generation hybrid seeds or advanced generation improved varieties. 
Approximately 68% of total maize production comes from farms with less than 100 ha 
(Table 2). 
Table 1. Maize general indications 
in Brazil, 1989. 
Harvested area 
Production 
Number of producers 
Improved seeds use 
Source: CFP,1988 
!OOOha) OOOt) 000) 000 t) 11 
l/ ABRASEM, 1989 
13,333 
25,000 
3,000 
137 
Table 2. Farm size distnbution 
among maize producers in Brazil. 
Farm size (ha) 
< 10 
10 50 
50 - 100 
> 100 
% Total area 
15 
41 
12 
32 
Source: EMBRAPA, 1988 
Despite the fact that maize is becoming a cash crop in the country, much of the 
production is still obtained from farms with smaller landholdings. Consumption at the farm 
level is relatively hi~ (3~~) according to CFP (1987), most being used for animal feeding. 
But the amount bemg utilized for human nutrition in the form of traditional dishes is still 
important. 
OPM Breedini. Twenty-three open-pollinated quality protein maize (QPM) varieties, 
selected for hard-endosperm through modifiers of the opaque-2 gene, were mtroduced from 
CIMMYT in 1983. These varieties improved for high grain yield, hard-textured kernels 
(flint or dent), earlyness, lodging resistance, shorter plants, and good disease and insect 
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resistance brought back the attention of Brazilian breeders to the improvement of protein 
qUality. In the past, besides the fact that a few high yield soft opaque-2 hybrids were 
developed (Ribeiral, 1974), a frustration happened due to unfavorable linkages associating 
the opaque-2 genes to the grain's soft texture. Since these 23 CIMMYT QPM varieties had 
almost overcome the adverse linkage, the breeders of the National Maize and Sorghum 
Research Center, at Sete Lagoas, started a breeding p'rogram aimed to obtain improved 
QPM varieties and hybrids adapted to different Brazilian environments. We believe that 
unless quality protein comes associated with high yield, in competition with normal maize, 
the acceptance would be difficult. A maize that is high in energy, with better protein quality, 
and normal fiber and oil contents, becomes a product of high nutritive value that can be 
produCed at low cost in the whole country. 
The 23 QPM varieties were planted in the winter of 1984 at Sete Lagoas, and seeds 
were increased by sib-crossing within each population (minimum of 500 plants). In the 
summer of 1984 the 23 QPM varieties and two normal checks (BR 105 and AG 301) were 
evaluated at six Brazilian environments: Porto da Folha SE (Summer), Porto da Folha SE 
(Winter), Sete Lagoas MG, Goiania GO, Nova Prata RS and Cruz Alta RS. A summary of 
results for the best performance varieties, published by Magnavaca et al. (1988), is 
presented in Table 3. 
Table 3. Mean ear weight, percentage of protein and tryptophan-lysine in protem: of 
QPM varieties. 
Material 
Mean ear weight Protein Tryptophan Lysine 
kglha % % protein 
Population 63 QPM 6559 9.85 0.86 3.86 
Population 64 QPM 6510 10.28 0.80 3.62 
Population 62 QPM 5697 11.16 0.70 3.21 
LaPostaQPM 6758 10.28 0.69 3.17 
BR 105 (Normal) 6247 9.60 0.45 2.19 
AG 301 (Normal) 7043 10.39 0.43 2.11 
Source: Magnavaca et al. (1988) 
From the tested populations, the four with white kernels {'resented in Table 3 
performed well in different environments with a tryptophan-Iysme percentage in protein 
from 60.5% to 100% above the normal hybrid AG 301. In terms of yield they were superior 
or equal to the well adapted normal population BR 105. The highest yielding population 
produced 4% less than the normal hybrid AG 301. The Population 64 QPM, a white dent 
kernel type, was chosen to be selected in our breeding program based on its yield, shorter 
plant, lodging resistance and ear disease resistance. After three cycles of half-sib selection it 
was released with the name BR 451. Data from the 3rd cycle of selection in BR 451 are 
presented in Table 4 for the average of two locations in 1988. 
On the plot basis evaluation, the BR 451 families showed a high yield potential, and 
enough additive variance to allow progress in the next cycles of selection. The half-sib 
families selected for recombination to obtain the improved variety presented an average of 
9296 kglha of ear weight and 0.80% tryptophan in protein. It was given priority in selecting 
for better husk cover. 
Table 4. BR 451 half-sib evaluation of 200 families (average of two locations). 
Half-sib families (100 per set) 
Parameters 
Ear weight (kglha) 
Ear weight range (kglha) 
C.V. (%) 
Genetic CV (%) 
Set 1 
8027 
6701- 9776 
12.8 
4.0 
Additive variance (glplant)2 193.91 
Heritability (%) 23.03 
Expected progress (%) 4.0 
Source: EMBRAP A/CNPMS (1988) - Not published 
Set 2 
8520 
6698-10521 
13.6 
5.4 
399.93 
41.55 
7.0 
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The white kernel character of BR 451 was a very important genetic marker at the 
farmer's level. More than 99% of the maize being grown m Brazil is the yellow kernel type. 
Since the opaque-2 gene is recessive, any yellow grain contamination in BR 451 ears would 
be normal type and therefore easily detected. Since the BR 451 release was aimed to be 
~own by farms with smaller landholdings, this easy detection of contamination is important 
m maintaining the genetic purity of the variety, allowing the utilization of advanced 
generations without genetic erosion. 
OPM hybrids. Considering QPM for general utilization at large scale in Brazil it is necessary 
to select a yellow kernel type. In that case hybrids are a must, due to the better possibility of 
obtaining higher yield and the necessity of buying seeds for each new plantation. It will be 
difficult to distinguish phenotypic differences between normal and QPM yellow kernels 
unless chemical analysis is made. 
In order to rapidly develop yellow kernel QPM hybrids, family hybrids based on full-
sibs derived from CIMMYT QPM populations were selected in our program. A 5 x 6 and 
10 x 10 partial diallel of full-sib families plus parents were tested in four locations. The 
treatments were allocated to each diallel according to cycle differences (Magnavaca et al., 
1989). The full-sib parents per se mean for flint and dent types, full-sib crosses mean and 
heterosis data for both partial diallels are presented in Table 5, as mean ear weight (kglha) 
of four locations. 
The high average and specific heterosis detected for non-inbred material (full-sibs) 
from interpopulation crosses of yellow CIMMYT QPM populations made possible the 
selection of high yielding family hybrids as well as indicated superior families that could be 
used for developmg inbred lines. These selected family hybrids are being used for initial 
tests of yield potential and tester for new inbred lines. Superior families were used for 
inbred line development and a group of these lines were tested in a top-cross at two 
locations in 1989. A summary of the data for the five best top-crosses compared with the 
tester and the average of four high performance early commercial normal hybrids used as 
check is reported in Table 6. 
The tester used for crossing the yellow QPM inbred line was a QPM family hybrid with 
intermediate yield level and low tryptophan percentage in protein. Nevertheless, a group of 
inbred lines in top-cross with that tester demonstrated a high yield potential and high 
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percentage of tryptophan in protein. It is reasonable to expect specific hybrid combinations 
within that group of lines that can compete with the normal check hybrids in yields and 
improve even more the tryptophan percentage. Playing with that group of lines for specific 
combinations of better looking hard endosperm phenotypes will be possibly associated with 
better yield and better protein quality. 
Table 5. Mean ear weight (kglha) of full-sibs per se and full-sib crosses, and heterosis 
data of two partial diallels tested in four locations. 
Full-sib per se mean (Flint) 
Full-sib per se mean (Dent) 
Full-sib per se general mean 
Full-sib crosses mean 
Average heterosis 
High parent heterosis (best cross) 
Source: Magnavaca et al. (1989) 
5 x 6 (early) 
4382 
3610 
3996 
6026 
2030 (33.7%) 
60.5% 
Partial diallel 
lOx 10 (intermediate) 
3894 
4075 
3985 
5549 
1564 (28.2%) 
58.8% 
Table 6. Performance of yellow QPM inbred line top-crosses. Mean of two locations in 
1989. 
Ear weight Protein Tryptophan 
Treatment 
(kglha) (%) (% protein) 
Top-cross - 26 9694 8.52 0.89 
Top-cross - 24 9539 10.06 0.78 
Top-cross - 6 9262 8.97 0.78 
Top-cross - 18 9245 8.98 0.79 
Top-cross - 11 8943 9.41 0.82 
Tester (QPM) 7788 10.06 0.42 
Check hybrids mean (normal) 11739 9.41 0.36 
Source: EMBRAPNCNPMS (1989) - Not published 
In 1990 the program at CNPMS/EMBRAP A will have the results of single-cross QPM 
hybrids with yellow endosperm, with the possibility of producing three-way or double-cross 
type hybrids. Inbred-line development will continue and advances in molecular biology 
(plant genetic engineering) will be incorporated in the program. With a continued effort in 
breeding we expect QPM hybrids to perform as well as normal hybrids. 
OPM/wheat flour mixture. Wheat production in Brazil has increased in recent years but 
self-sufficiency has not been attained. More recently the government has cut the subsidy for 
wheat flour, increasing the price drastically. One kg of subsidized wheat flour was cheaper 
than 1 kg of maize meal. With a real price for both products always comes the possibility of 
using alternate flour for mixing with wheat. One of the possibilities is maize meal, QPM 
flour being the best option considering the human nutrition objective. 
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Due to the possible changes in breadmaking quality of the different QPM genotypes a 
joint program of research was established between EMBRAP NCNPMS and . 
EMBRAP NCI'AA (Agrindustrial Food Technology Center). Many aspects are being 
studied like the changes in QPM meal physical properties as reported in Table 7. 
Table 7. QPM meal physical properties. 
Endosperm Color Meal PSDZ/(%) 
Variety Color (Kent-Jones extraction <49m 
Unit) 11 
Populo 63 QPM White 5.9 65.79 90.0 
BR451-QPM White 5.6 68.85 92.2 
Guanacaste 7940 QPM White 6.5 63.04 89.0 
Populo 65 QPM Yellow 11.7 68.11 91.9 
Populo 66 QPM Yellow 11.4 68.21 88.2 
Alllar. Cristalino QPM Yellow 12.0 63.29 90.9 
11 Kent-Jones, 1967 
Y Particle Size Distnbution (%) 
Source: EMBRAPA/crAA (1988) - Not published 
In addition to presenting a white color, BR 451 also has better meal extraction 
percentage when compared with other QPM varieties. The white color of maize flour is 
IDlportant when the product to be made is French bread. The QPM maize could be stored 
as whole grain and be ground as needed. The QPM whole grain has 3 to 5% oil, avoiding fat 
addition to dough when maize is added up to 20% in wheat/maize mixtures. 
The water absorption of wheat/maize flour mixture comparing the flour of normal 
maize (BR 108) and a QPM variety (BR 451) is presented in Table 8. Both varieties are 
white kernel and originated from the same tuxpeno race. 
Table 8. Water absorption in normal (BR 108) and QPM (BR 451) wheat/maize flour 
mixture. 
Sample 
Wheat flour 1 (WF1) 
WF1 (80%) + 13R 451 (20%) 
Wheat flour 2 (WF2) 
WF2 (80%) + 13R 108 (20%) 
Water absorption 
(%) 
57.4 ]J 
55.7 
59.611 
53.1 
Source: 11 EMBRAPNCI'AA (1988) - Not published 
Z/ M~, 1983 
Reduction in 
water absorption 
2.9 
10.9 
80 
Water absorption is very important for breadmaking. Higher water absorption 
improves loaf quality and the economy of the process. The addition of maize to wheat flour 
decreased the water absorption compared to wheat flour but it was much higher for the 
normal than the QPM variety. The comparison of wheat flour and the mixture of 
wheat/QPM flour for different QPM varieties is presented in Table 9. . 
Table 9. Breadmaking quality of pure wheat and wheat/maize mixtures. 
Sample 
Loaf 
eight 
(g) 
Wheat flour (WF) 130 
80% WF + 20% BR 451 132 
80% WF + 20% La Posta QPM 133 
80% WF + 20% Am. Bajio QPM 134 
Source: EMBRAPAlcrAA (1988) - Not published 
Loaf 
volume 
(em) 
580 
500 
480 
460 
Specific loaf 
volume 
(cm/g) 
4.46 
3.78 
3.60 
3.42 
The acceptability of a loaf by the general public will depend on the loaf volume. A 
higher loaf volume and specific volume is a quality needed for breadmaking. The QPM 
variety used for mixing with wheat affects the loaf volume and again the BR 451 variety was 
the best. The data on wheat/QPM flour mixture show the variability among QPM varieties 
on breadmaking qUality. That is an aspect to be exploited by breeders in their programs and 
also emphasizes the need for such tests. 
Diffusion strategy for BR 451. The usual way of releasing new varieties of hybrids in our 
research program has been to inform the extension service, seed industry and sometimes 
farms during field days. Since 1987 the CNPMS communication service is using a marketing 
strategy, improving drastically the diffusion and adoption. The mass communication system 
has been intensively used and the release itself becomes a scientific, economic, social and 
political event. Diffusion materials have been prepared with a more attractive layout. 
For the release of the QPM variety BR 451 the diffusion target was the whole society 
(especially the consumers), and not only the seed industry and farmers. Most Brazilian 
farmers have never seen a white maize kernel and they could be prejudiced against it. In 
that case the releasing could fail in the beginning. IT the whole society accepts the new 
technology, it will create a demand that will have to be met by farmers and the seed industry. 
The message received by consumers stressed the white kernel of BR 451 as a new type 
of maize as well as the high quality protein and possibilities of utilization in new products in 
mixtures with wheat flour. The news came at the time that the government decided to cut 
the wheat subsidy. 
The release day became a national event with the presence of authorities, politicians, 
representatives of industry and farm associations, and mainly the press. The event should 
become a national news and even the choice of the day of the week and hour is important. 
Usually a Friday morning is favorable because of the usual lack of news for Saturdays. 
Many short notes about the release were l'ublished by the press a few days before the event. 
The Agriculture Ministry was in the mormng TV news having breakfast based on BR 451 
products before traveling for the event. During the event extension materials were 
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distnbuted, products based on QPM and small seed bags. A lunch based on typical maize 
products was prepared with the BR 451 meal for all participants. 
The most~R0rtant agriculture diffusion TV news, Globo Rural, with an average 
audience of 15 . ·on people has dedicated two reports to BR 451. The same network has 
also dedicated an issue of the Globo Rural magazine to a report about the new variety and 
has distnbuted a small plastic bag with 16 seeds attached to the cover. That magazine issue 
was sold to 200,000 people due to the ~ctations created by the seeds; this represented a 
58% increase in circulation compared WIth normal issues. The TV network Globo made a 
30 second advertisement of the magazine in the evenings for many days calling attention to 
the seed bag. 
All of the advertising generated the sending of 30,000 mail letters asking for a kit of 
information and seeds. The communication group has kept all these addresses for further 
studies related to adoption. 
In 1989 the production of BR 451 basic seed was 19.3 tons. From this amount 9.4 tons 
were traded to seed industries to be increased. In 1990 there will be 1,400 tons ofBR 451 
commercial seeds to be sold. This amount is sufficient to plant an area of 70,500 ha. 
Besides that, we have no data on the planted area based on seed increase ofBR 451 
distnbuted throu~out the country in small seed bags by the Globo Rural Magazine and kits 
of seeds mailed directly to farms. That area may be large because the farmers already had 
two years of seed increase. 
The marketing strategy for the release ofBR 451 has proved to be efficient and will 
open the door for the release of QPM hybrids. 
Future ProlIDlm development. The great acceptance of the QPM variety BR 451 and the 
good perspective of obtaining a yellow kernel QPM hybrid with high yield has stimulated 
EMBRAP A to continue and increase the research program on QPM in the following 
aspects: 
1. To continue the selection of BR 451 and to develop yellow kernel populations as a 
source for inbred line development. To select yellow kernel QPM hybrids with high 
yield and nutritive value. 
2. To develop studies at the molecular level for understanding the relationships between 
different classes of endosperm proteins and grain hardness, flour and Rrotein quality. 
In that aspect it is very important to maintain a high level of interactio~ with US 
universities. 
3. To evaluate the effect of QPM on human and animal nutrition among farms with 
smaller landholdings. 
4. To study the wheat/QPM flour mixture with relation to breadmaking properties. 
5. To develop new products made with a base of QPM for the food industry, facilitating 
their entry into the consumer market. 
6. To ~timula~e human consumption of QPM in the form of typical products of the 
vanous regIOns. 
7. To stimulate the substitution of normal maize by QPM for animal feeding especially 
for farmers that normally do not utilize protein supplements. 
8. To introduce new QPM products and formulations in urban areas. 
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The EMBRAP A research group works in a country where fighting malnutrition is an 
important issue. QPM can be important not only for direct human consumption but also 
will permit a substantial increase in total supply of foods like meat, milk and eggs. These 
objectives may be attained by using other agricultural :products, but maize is the most widely 
grown crop in the country and the one that can offer high nutritive value at lower cost if 
QPM is used. Therefore, it is our obligation to offer that new option to our society. 
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Introduction. Pearl millet [pennisetum glaucum (L.) Rand Br., syn. P. americanum] is one 
of four types or species of millet which are grown extensively in Africa and Asia. Other 
millets of lesser importance are proso (Panicum miliaceum), finger (Eleusine coracana), 
and foxtail (Setaria italica). Pearl millet is one of the most 11llportant cereals in the world. 
This crop is grown on an estimated 27 million hectares (ha), primarily in the hot, drought-
prone arid and semi-arid regions of Africa and the Indian subcontinent (Singh et al., 1987; 
Roseney et al., 1987). In India, pearl millet is the fourth most important food crop after 
rice, wheat and sorghum, with an annual production of approximately four million tons. 
Pearl millet kernels are about one' third the size of sorghum kernels. The average 
weight of each kernel is about 9 mg, as compared to 20 to 30 mg for sorghum. Sorghum 
kernels are generally spherical in shape; however, pearl millet kernels are generally tear 
shaped. The most common color is a slate grey, but colors from creamy white through 
yellow to black are known. The germ of pearl millet is a much larger percentage of the total 
kernel than is the germ of sorghum (17.4% compared to 9.8% in sorghum). This difference 
explains iI!.part the higher protein and oil (fat) contents of pearl millet as com:pared to 
~orghum (Hoseney et al., 1987). Compone~ts of pearl ~illet and s~rghum gr.am~ are given 
m Table 1. Compared to sorghum, pearl millet has receIved very little attentIon m the USA 
as a grain crop. Though it has a higher growth rate and a more nutritious grain than 
sorghum (Rachie and Majmudar, 1980), it has not had the advantage of a commercialized 
grain crop in the western world, though research there led to the adoption of semi-dwarf 
hybrids in India during 1966 and 1961 (Roseney et al., 1987). High-YIelding, combine-
adapted pearl millet hybrids are now possible, and could lead to commercial production as a 
feed/food crop in the near future. 
Table 1. Comparison of the components of pearl millet and sorghum grains. 
Fraction 
Whole grain 
Endosperm 
Germ 
Pericarp + aleurone (bran) 
Roseney et al. (1987). 
Sorghum Pearl millet 
------------- % -------------100 100 
82.3 75.1 
9.8 17.4 
7.9 7.5 
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Composition and nutritional evaluation. Previous studies. The starch content of pearl 
millet ranges from 56 to 65% (Bailey et al.,1980; Freeman and Bocan, 1973; Sheorain and 
Wagle, 1973). The granules are both spherical and polygonal and range in size from 4 to 12 
}Jm. This is about one-half the size of sorghum starch granules. The amylose/amylopectin 
ratio for pearl millet appears to be similar to that found with other cereals; amylose contents 
ranging from 20 to 22% have been reported for five cultivars (Beleia et al.,1980). Pearl 
millet starch gelatinizes at temperatures similar to those for sorghum and maize (Zea mays 
L). Subramanian et al. (1981) reported free sugar values ranging from 2.6 to 2.8% for nine 
cultivars of pearl millet. Sucrose was the predominant sugar and accounted for about 66% 
of the total sugar. 
The level of petroleum-ether-extractable lipids in pearl millet has been reported to 
vary from 3.0 to 7.4% (Ahuja et al., 1979; Lai and Varriano-Martson, 1980; Osagte and 
Kates, 1984; Rooney, 1978). The average fatty acid composition was reported to be oleic 
(53.8%), linoleic (34.9%), palmitic (10.8%), stearic(.28%) and myristic (.20%) by Agarwal 
and Sinha (1964). Jellum and Powell (1971) generally reported similar levels in a study of 6S 
pearl millet lines. 
Protein content of pearl millet is generally higher than for other cereals grown under 
similar environmental conditions. Reported values range from 8 to 19% (Hulse et al., 
1980). The reason for the higher protein content is not clear, but is most likely due to the 
greater proportion of germ in pearl millet. Protein content of pearl millet, like that of other 
cereals, is influenced by nitrogen fertilization, yield and other environmental factors. 
Variations in the amino acid composition of pearl millet and sorghum are reported in 
Tables 2 and 3. The amino acid concentrations in pearl millet, as a percentage of the crude, 
protein vary widely, many by a factor of two. Like other cereal grains, pearl millet is low in 
lysine, tryptophan, threonine, and the sulfur-containing amino acids (Bailey et al., 1979). 
Table 2. Reported ranges of amino acids in sorghum and pearl millet 
Sorghum Pearl millet 
Amino acid 
Arginine 
Glycine 
Serine 
Histidine 
Isoleucine 
Leucine 
Lysine 
Methionine 
Cystine 
Phenylalanine 
Tyrosine 
Threonine· 
Valine 
Glutamic acid 
Alanine 
Hoseney et al. (1987). 
High 
3.6 
3.4 
4.7 
2.2 
4.2 
14.5 
2.2 
1.2 
1.7 
S.3 
4.6 
3.6 
5.4 
24.9 
9.9 
Low High 
A.A as a % of protein (DM basis) 
3.2 6.2 
3.1 6.4 
43 S9 
1.7 3.1 
18 ~O 
13.1 12.7 
1.8 39 
1.0 2.6 
.7 3.3 
~9 S9 
21 5n 
11 43 
4.5 6.2 
222 25.4 
9.1 8.8 
Low 
3.1 
2.2 
3.0 
1.6 
3.1 
7.6 
1.9 
1.2 
1.0 
3.9 
2.4 
2.0 
4.4 
11.6 
6.4 
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Table 3. Amino acid composition of cereal grains, UN Expts. 1 & 2, 1989. 
Yellow LT HT Pearl Proso 
Amino acid com sorghum sorghum millet millet 
A.A. as a % of protein (DM basis) 
Arginine 5.0 4.8 4.4 4.6 4.5 
Glycine 3.1 2.8 2.8 2.7 1.8 
Serine 4.3 4.1 4.2 4.2 5.5 
Histidine 2.3 2.0 2.1 2.0 1.8 
Isoleucine 2.7 3.2 3.4 3.3 3.3 
Leucine 9.6 10.6 10.7 7.9 10.3 
Lysine 2.7 2.3 2.1 2.9 1.5 
Methionine 1.7 1.9 1.9 1.8 2.9 
Cystine 2.1 2.2 1.9 1.7 1.5 
Phenylalanine 3.9 4.2 4.2 3.9 4.7 
Tyrosine 2.3 2.2 2.3 1.8 2.2 
Threonine 3.2 3.2 3.1 4.2 2.8 
Valine 3.8 4.0 4.2 4.3 4.0 
Aspartic acid 5.6 6.1 6.0 7.1 5.2 
Glutamic acid 15.0 16.5 17.0 15.1 18.0 
Alanine 5.8 7.0 7.3 6.0 8.4 
Protein, % 10.4 9.9 9.8 12.3 12.6 
Mineral values for sorJdlum and pearl millet as reported by Hoseney et al.,(1987) are 
presented iri Table 4. The Na and Mg values are within the ranges reported for wheat. 
Levels ofCa vary widely with some of the values being quite low. Levels ofP, K and Fe are 
higher than those found in wheat. The vitamins in pearl millet have not been studied 
extensively. 
Table 4. Minerals found in sorghum and pearl millet. 
Element Sorghum 
Potassium, % .35 
-
.52 
Magnesium, % .11 - .23 
Phosphorus, % .25 
-
.63 
CalCIum, % .001 
-
.043 
Sodium, % .01 
-
.02 
Iron, ppm 24 
-
200 
Manganese, ppm 7 - 30 
Zinc, ppm 14 
-
75 
Molybdenum, ppm .3 
-
8.0 
Hoseney et al., (1987). 
Pearl millet 
.37 - .54 
.07 - .16 
.63 - 1.35 
.007 - .117 
.002 - .005 
21 - 117 
7 - 9 
10 - 38 
1.4 - 2.4 
~tinutritional factors are generally not a problem with pearl millet. Uke all cereals, 
pearl millet contains relatively high levels of phytic acid (Simwemba et al., 1984), with the 
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level of phytate P being about .25%. Two trypsin inhIbitors have been isolated from pearl 
millet (Chandrasekbar and Pattabiraman, 1981). Both inhIbitors had molecularwei~ts of 
about i1000 D. The saponin content of pearl millet was reported as 195 m~g (Sodipo and 
Arinze, 1985). Hoseney et al. (1987) have reviewed and dIScussed the possIble role of ~arl 
millet as a goitrogenic cereal. Preliminary results su~st that the goitrogen in "pearl millet 
acts by inhIbiting conversion of the thyroid hormone (1'4) to triiodothyronine (1'3), the more 
active form of the hormone. 
Feeding trials with different species have consistently demonstrated the high 
nutritional value of pearl millet. Daniel et al. (1974) compared diets of pearl millet, finger 
millet, and sorghum grain alone and with supplements of minerals, vitamins, pulses, and 
skim milk powder in a rat experiment. All diets benefited from the supplements, but the 
best growth rate in every instance was obtained from pearl millet, followed by finger millet, 
and then sorghum. Rats fed unsupplemented pearl millet gained 28.6% and 16.1% faster 
than rats fed unsupplemented sorghum and finger millet, respectively. Pushpamma (1968) 
similarly observed the greatest growth rate in rats fed an unsupplemented pearl millet diet 
compared to unsupplemented finger millet, sorghum and com diets. Howe and Gilfillan 
(1970) reported the addition of .3% lysine hydrochloride to a millet diet increased growth 
response in rats to about 93% of that observed with casein. Jansen et al. (1962) also 
reported that lysine supplementation of millet raised the protein efficiency ratio to that 
obtained with an ANRC casein diet. 
Simhaee et al. (1971) compared com (maize), wheat, pearl millet and their 
combinations as the main sources of energy m broiler diets. They found no significant 
differences among grains in body weight gain. However, millet diets were associated with 
poorer feed efficiency than were com and wheat diets. Sanford et al. (1973) reported that 
performance of chicks receiving pearl millet was equal to chicks fed sorghum grain when 
diets contained equal protein levels. Sharma et al. (1979) compared wheat (Triticum 
aestivum), yellow corn, pearl millet and sorghum in broiler diets. These diets were of equal 
nitrogen and energy content and each cereal was included at two levels to contrIbute 4.2 or 
6.3 MJ ME/kg of diet. In terms of body weight gain, pearl millet was significantly better than 
wheat or sorghum at the lower inclusion rate, and better than wheat at the higher inclusion 
rate. Feed conversion of chicks receiving millet also was significantly better than for chicks 
fed wheat or com at either inclusion rate, and better than chicks fed sorghum at the lower 
inclusion rate. 
Singh et al. (1987) determined the nutritional quality of three high' protein (HP) 
geno~s of pearl millet, two varieties of normal protein content and a released commercial 
variety. The HP millets contained 60% more protein, 37% more lysine, 40% less starch and 
soluble sugars, and 20% less fat as compared to the normal protein millets. Rat feeding 
experiments were conducted to examine the nutritive value of the samples. In spite of the 
negative relationship between protein concentration and protein quality, it was concluded 
that HP varieties were nutritionally better as compared to varieties lower in protein. 
Nutritional value. Recent studies. During the past two years, studies have been conducted 
with improved varieties of pearl millet at Kansas State University and the University of 
Nebraska. The objective of this research was to determine the composition and nutritional 
value of pearl millet as compared to sorghum and yellow com for animal feeds. 
Materials and methods. Nebraska experiments. The pearl and proso millets used in these 
studies were grown at the High Plains Agricultural Laboratory, Sidney, NE. The low tannin 
(L T) and high tannin (HT) sorghums were grown at the Agricultural Research and 
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Development Center, Mead, NE. Yellow com was grown at the A~onomy Farm located 
near LiDcoln. The pearl millet cultivar evaluated in this study was Identified as hybrid 68A x 
MLS. 
All grains were analyzed for dry matter (DM), crude protein (~).' lipid (eth~r 
extract), ash, calcium and phosphorus as recommended by the AssoCIatIon of OffiCIal 
Analytical Chemists (1980). Gross energy (GE) content of grain samples was determined 
using a Parr adiabatic bomb calorimeter. Tannin content of the LT and HT sorghums was 
determined by the vanillin HO method (Bums,1971). The LT variety (Pioneer 8333) and 
the HT variety (Dekalb BR-64) contained .09% and 5.6% catechin equivalents of tannin on 
a dry matter basis, respectively. 
Grain samples were hydrolyzed at 110 C in a N atmosphere for 20 hours for amino 
acid analysis. Amino acids of hydrolysates were then separated by high performance liquid 
chromatography using an ion exchange column and lithium buffers as eluants. Amino acids 
were detected and measured fluorometrically using 0' phthaldehyde post-column 
derivatization (Benson and Hare, 1975). Norleucine was used as an internal standard. In 
the analysis of sulfur aminoacids, samples were oxidized before hydrolysis using the 
procedure descnbed by Moore (1963). Methionine was oxidized to the sulfone and cystine 
to cysteic acid. These amino acids were then determined by the same procedure as 
nonoxidized hydrolysates. 
Experiment 1. One hundred eighty meat-type (Vantress x Arbor Acre), unsexed chicks 
were randomly assigned to 30 experimental pens (6 per pen) at one day old. The five 
dietary treatments were randomly assigned to expenmental pens in blocks. Dietary 
treatments consisted of yellow corn, LT sorghum, HT sorghum, proso millet and pearl 
millet, with each cereal furnishing 53.0% of a starter ration. All other ration ingredients 
(soybean meal, animal fat, DL-methionine, mineral and vitamin supplements) were the 
same. The experimental diets were similar to starter rations used in commercial broiler 
production. These diets were not equal in protein and metabolizable energy (MEn), 
because the grains contained different levels of crude protein and MEn. Oilculated protein 
levels varied from 22.5% in the com and sorghum diets to 23.7% in the millet diets. Birds 
were maintained in electrically heated, Petersime starting batteries with raised wire floors 
from d 1 to 21. Experimental diets and tap water were available ad libitum. Birds in each 
pen were weighed at d 1, 14 and 21; feed consumption of each pen was recorded at d 14 and 
21. 
Experiment 2. Six hundred female and 600 male, meat-type chicks from three commercial 
strains were randomly assigned to 20 floor pens (30 males and 30 females per pen) at one 
day old. Ten male and 10 female chicks of the following strains, Vantress x Arbor Acre, 
Peterson x Arbor Acre and Cobb-500 x Cobb-500, were assigned to each pen. These floor 
pens (2.44 x 3.66 m) were each furnished with wood shavings litter, one Plasson-type water 
fount, one hanging feeder and one 250 watt heat lamp. The four dietary treatments were 
randomly assigned to the experimental pens in blocks. 
Dietary treatments were yellow com, LT sorghum, HT sorghum and pearl Jl.)illet, with 
each fed in starter and grower diets that were equal in crude protein and MEn. The MEn 
values reported by the National Research Council (1984), except for the HT sorghum, were 
used in formulating these diets. An MEn value determined in our laboratory for HT 
sor2hum and reported by Douglas et al. (1990) was used. Calculated crude protein and 
Mbn levels in the starter diets were about 22.2% and 3030 kcal/kg; crude protein and MEn 
levels in the grower diets, which were. given from d 21 to d 42, were about 20.6% and 3070 
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kcal per kg. The experimental period was 42 days, and feed and tap water were provided ad 
libitum throughout. Birds in each pen were weighed at d 1, 21 and 42; feed consumption of 
each pen was recorded at d 21 and 42. 
The General Unear Models procedure of SAS (1982) was used for all statistical 
analyses; Duncan's multiple range test was used to separate treatment means. 
Kansas emeriment. The pearl millets used in these studies were grown at Manhattan, KS in 
1988 and at York, NE in 1989. Sorghum cultivars were grown in Agronomy Department 
research plots at other locations. The com ~own at the ¥onomy Research Farm. 
The high tannin (HT) and hard endosperm ~.t1J:Lsorghum cultJvarS were selected from 
genetic lines with lower protein and starch digestlbilities based on in vitro protein 
digestibility values, while the two "select" sorghums were selected for higher protein 
digestibility as descnbed by Bramel' Cox et al. (1990). All grains were analyzed for crude 
protein as recommended by the Association of Official Analytical Chemists (1980). Gross 
energy content of grain samples was determined using a Parr adiabatic bomb calorimeter. 
In the growth assay, 288 meat-type (Vantress x Arbor Acre), unsexed chicks were 
randomly assigned to 72 experimental pens (4 per pen) at one day old. The six dietary 
treatments were randomly assigned to expenmental pens in blocks. Dietary treatments 
consisted of corn, the four selected sorghums and pearl millet, with each fed in a 24% crude 
protein assay diet. Dietary treatments were made equal in crude protein (CP) using the CP 
values determined for the grains and variable levels of soybean meal. All chicks were fed 
the same 24% CP control diet from d 1 to 7. During the growth assay period from d 7 to 21, 
chicks were given ad libitum access to feed and tap water. Birds in each pen were weighed 
at d 7 and 21; feed consumption was recorded at d 21. 
The General Unear Models procedure of SAS (1982) was used for all statistical 
analyses; the Least Significant Difference test was used to separate treatment means. 
Results and discussion. Nebraska experiment. Chemical composition data (Table 5) show 
that ~l and proso millets were higher in protein than the sor~um cultivars and yellow 
com. The ether extract or fat content and GE value of pearl millet were the highest of all 
grains involved in the study. The higher fat value obtained for pearl millet is in agreement 
with previous reports (Ahuja et al., 1979), and contnbutes to the higher caloric and 
nutritional value. Douglas et al. (1990) reported that the metabolizable energy (MEn) value 
TableS. Chemical composition of cereal grains, UN Expts. 1 & 2, 1989 (OM basis). 
Yellow LT HT Pearl Proso 
Component com sorghum sorghum millet millet 
DM,% 86.7 87.2 86.8 89.8 89.3 
Protein, % 10.4 9.9 9.8 12.3 12.6 
Ether extract (fat), % 4.2 3.1 3.4 6.4 3.2 
Ash, % 1.4 1.3 1.4 1.8 3.1 
Calcium, % .03 .02 .02 .04 .03 
Phosphorus, % .31 .26 .24 .32 .32 
Gross energy, 
kCallkg 4635 4502 4550 4663 452S 
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of sorghum grain and yellow com are about 80 and 85% of their gross energy (GE) values, 
respectively. If the same relationship would apply to pearl millet, the MEn of the sample 
evaluated in this study would be higher than sorghum and slightly lower than com. Amino 
acid composition data for the five grains are presented in Table 3. Methionine values were 
the highest in the protein of proso millet, followed by the sorghum cultivars, pearl millet and 
com. lIowever, the lysine level in the protein of pearl millet (2.9%) was hi2hest followed by 
corn, LT sorghum and lIT sorghum. When consIderation is given to these lysine values in 
relation to protein levels, the actua1lysine content of pearl millet on a DM basis was .357%; 
this was 21 % greater than the level in com (.281 %), and 36% greater than the level in LT 
sorghum (.228%). This difference greatly enhances the food and feed value of pearl millet. 
Experiment 1. Data relative to weigi!t gain and gain:feed ratio (Table 6) are similar for 
corn, LT sorghum and pearl millet. Chicks receiving the lIT sorghum treatment had lower 
weight gains (P<.05) and lower gain:feed ratios (P<.05) than birds fed the other grains. 
Birds receiving the proso millet had the greatest weight gain (P<.05). However, in this 
study, diets were not equal in protein and MEn, and the millet diets would have been higher 
in protein because each grain comprised 53.0% of the diet. 
Table 6. Performance of broiler chicks fed pearl millet and other cereal grains, UN Expt. 
1-89. 
Grain1 
Weight gain Grain:feed 
d 1 to 21 (g) d 1 to 21 
Com 521b .671a 
Sorghum,LT SlOb .649a 
Sorghum, lIT 44Dc .585b 
Pearl millet 504b .654a 
Proso millet 563a .685a 
1 
a,b,c 
Level of each grain was 53.0% in the diet; six reps of six birds/treatment. 
Means with different letters are different (P < .05). 
Experiment 2. Results of this study are presented in Table 7. Diets were formulated to be 
equal in protein and MEn by varying the levels of each grain, soybean meal and added 
animal fat. Animal fat levels in starter and grower diets are indicated in Table 7. The 
greatest weight gain from d 1 to d 42 occurred in birds receiving pearl millet (1466 g). 
However, that value was not different (p<.05) from the average gain of birds receiving com 
and lIT sorghum. It seems likely that the MEn values (as fed basis) used to formulate the 
pearl millet (2554 kcal/kg) and the lIT sorghum (2900 kcal/kg) diets were too low. 
Consequently, those treatments were probably higher in MEn than the LT sorghum and 
com treatments. It was quite obvious that the extra added fat enhanced the nutritional 
value of the lIT sorghum treatment. In Experiment 1, higher added fat levels were not 
present in the lIT sorghum diet. The benencial effect of added fat in lIT sorghum diets was 
previously reported by Douglas (1989). 
Kansas experiment. Chick experiment. Crude protein and GE determinations for grains 
evaluated in this study are presented in Table 8. The crude protein values for all grains 
were much higher in crop year 1988 due to low rainfall. In 1989, when the cereal grains 
were grown in adjacent plots the protein content of pearl millet was 12.1% (DM basis) and 
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slightly higher than the other grains. The GE value of pearl millet (4536 kcal/kg) was 82 to 
255 kcal higher than any of the other grains. 
Table 7. Performance of broiler chicks fed pearl millet and other cereal grains, UN Expt. 
2-89. 
Added Weight . Gain:feed 
Grain1 fat (%)2 d 1 t04f(g) d 1 to 42 
Com 4.0/3.8 1372ab .469a 
Sorghum,LT 5.7/6.0 1329b .448ab 
Sorghum,HT 9.6/9.8 1384ab .426b 
Pearl millet 9.0/9.8 1466a .472a 
1 Diets were isocaloric and isoN; five reps of 60 birds/treatment. 
2 Fat levels in the starter/grower diets. 
a,b Means with different letters are different (p < .05). 
Table 8. Crudc:protein and gross energy contents of pearl millet and other cereal grains, 
KSU apt. (DMbasis). 
Grain1 1988 
CP(%) 
1989 
Gross energy 
kca1/kg 
Com 11.9 10.4 4339 
Sorghum,HT 15.3 10.4 4454 
Sorghum, HE 13.2 10.7 4281 
Sorghum, select #1 12.7 10.8 4324 
Sorghum, select #2 12.9 11.2 4404 
Pearl millet 10.6 12.1 4536 
1 High tannin (HT) and hard endosperm (HE) sorghums with low in vitro digesnbilities; 
select sorghums had high in vitro digesnbilities. 
Results of the chick growth assay are presented in Table 9. Only small differences in 
weight gain were observed among the various grains, and average feed consumption rates 
were similar. Birds receiving the HT sorghum treatment had a lower gain:feed ratio 
(p < .05) than birds fed corn, pearl millet and select sorghum number 2. These results 
suggest that pearl millet was equal to com and the best sorghum cultivars in nutritional 
value. 
Cattle feedinK experiment. The results of this study, presented in Table 10, clearly illustrate 
the superior feeding value of pearl millet in steer finishing rations. The average daily gain of 
steers fed the millet ration was 1.40 kg as compared to 1.28 kg for steers receiving sorghum. 
This difference would appear to be statistically significant. However, a statistical evaluation 
of these data was not provided The better feed conversion of steers receiving pearl millet is 
also noteworthy, along with the omission of soybean meal from that ration. 
Table 9. Performance of broiler chicks fed pearl millet and other cereal grains, KSU 
Expt. 
Weight gain Feed cons. Gain:feed 
Grain 1 d 7 to 21 (g) d 7 to 21 (g) d 7to 21 
Com 479 732 .654a 
Sorghum,HT 456 730 .623b 
Sorghum, HE 461 723 .636ab 
Sorghum, select #1 471 735 .641ab 
Sorghum, select #2 481 737 .653a 
Pearl millet 475 723 .656a 
1 
a,b 
Twelve reps of 4 birds/treatment; high tannin (HT); hard endosperm (HE); select, 
high digestibility. 
Significant difference (P < .05). 
Table 10. Pearl millet in steer finishing rations, 131 days feeding, Fort Hays, KS. 
Item 
Number of head 
Avg. initial wt.,kg 
Avg. final wt., kg 
Avg. gain, kg 
Avg. daily gain, kg 
Feed/gain 
Control 
21 
382 
550 
168 
1.28 
8.03 
Treatment 
19 
384 
567 
183 
1.40 
7.53 
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........................ -...... -......... -................................................................................................................................................ _ ............. ... 
Avg. daily ration kg kg 
Sorghum silage 5.10 5.97 
Rolled sorghum 9.48 7.10 
Rolled millet 2.71 
Soybean meal .18 
Urea .059 .014 
Premix .25 .25 
DM3 total, kg 10.20 10.42 
1 
2 
3 
Brethour, J.R., and W.D. Stegmeier. 1984. Pearl millet for beef cattle. Roundup 71, 
Report of Progress 452:13. Fort Hays Branch, Kansas Agri. Expt. Station, Hays, KS 
67601. 
Pearl millet evaluated in this study contained 16% crude protein on an as fed basis. 
Dry matter. 
Conclusion. The higher content of protein and essential amino acids, especially lysine, plus 
the higher fat content of pearl millet, greatly enhance its nutritional value as a human food 
and as a feedstuff. Studies with humans, laboratory animals, poultry, cattle and other 
livestock have demonstrated the high nutritional value of pearl millet as compared to other 
cereals. A high-yielding pearl millet hybrid was evaluated recently at the University of 
Nebraska. Analytical data and the results of two feeding trials with meat-type chickens 
indicated that this cultivar was hi~her in nutritional value than either sorghum or yellow 
corn. Thus, high-yielding pearl mlllet hybrids adapted for mechanical harvesting are now 
possible, and could lead to its production as a commercial feed crop. 
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Introduction. Sorghum is widely used as the only grain source in diets for all classes of swine 
due to its high nutritional value and lower cost relative to competing grains, primarily corn. 
Although sorghum is well accepted by swine producers and nutritionists as a swine feed, its 
nutritional value is less than that of corn. Sorghum must continue to cost less than corn, if its 
use in swine diets is to continue or expand. 
Nutritional value of sorghum in swine diets. Low-tannin sorghum has about 95% of the 
feeding value of corn for starter and growing-finishing swine (Tables 1 and 2). On the 
average, growing-finishing swine fed sorghum grew 1 % slower, consumed 4% more feed and 
had 5% poorer feed efficiency. Although differences in performance between pigs fed 
sorghum or corn based diets were non-significant (P > .05) for several experiments, the types 
of response were consistent in most cases. That is, of the 23 comparisons, 15 found lower 
growth rate, 18 found higher feed intake and 21 found poorer feed efficiency from feeding 
sorghum. The magnitude of the differences ( + 10 to -7% for daily gain, + 19 to -4% for daily 
feed intake and +5 to -12% for feed efficiency) varied among trials, and to some extent, 
probably reflects biological variation. However, in several trials, method of grain processing 
and foreign material content of the grains were not specified and these variables may be 
partially responsible for some of the observed variation. Sorghum and corn-based diets 
produce equal carcass merit in slaughter hogs (Tanksley, 1975). It must be noted that in the 
trials summarized above, the sorghums were low-tannin types and sorghum and corn diets 
contained equal amounts of high-protein feeds (usually soybean meal) or were formulated 
to the same lysine content. 
The cause of the poor feed efficiency on sorghum-based diets is usually attributed to 
sorghum's lower digestible energy content. Actual determinations of digestible or 
metabolizable energy content of sorghum are few in number (Diggs et a!., 1965; Batterham 
et a!., 1980; Lin et a!., 1987) but sorghum appears to have about 5% less digestible energy 
content than corn, due to slightly lower gross energy digestibility and lower gross energy 
content. Net energy content is about 11 % lower for sorghum (Phillips and Ewan, 1977) than 
for corn (De Goey and Ewan, 1975). 
Sorghum has consistently been found to have lower protein digestibility (Table 3) than 
corn when measured over the total digestive tract of swine. On the average, the difference 
was 6 percentage units between sorghum and corn-based diets containing equal soybean 
meal content. A more precise method for comparing protein and amino acid digestibilities 
between grains is to determine digestibilities at the terminal ileum of swine fed grain as the 
0!lly d!e~~I)' protein sour~e. Th~ ileal method is superior to the fecal meth.od be~au~e 
dIgestIbIhtIes are determmed prIor to the degradation and synthesis of ammo aCIds m the 
large intestine. Amino acids are not absorbed from the large intestine, and any loss of N 
from the large intestine is in the form of ammonia and amines which are not used for 
protein synthesis. 
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Table 1. Feeding value of low-tannin sorghum relative to yellow com for growing-
finishing swine. a 
D~ilK Daily Feed Pig Reference 
gam feed efficiency Pigs/diet weights,kg 
- 5 + 4 - 4 20 26 - 102 Tribble and Howell, (1970) 
+ 2* + 4 - 3* 35 36 - 93 Koch and Hines, ~1970) 
- 4 + 7 -12 72 15 - 10 Tribble et aI., (19 2) 
- 7* 
-
1 - 6 17 18 - 36 Hines and Allee, ~1972) 
- 3 
- 4* + 0* 15 30 - 104 Tribble et aI., (19 4) 
- 1 + 4* - 4* 48 22 - 98 Tanksley, (1975) 
- 1 + 6 - 9 18 14 - 96 Hammell and JOhnson,~1976) 
- 1 + 3 - 3 24 8 - 47 Combs and Wallace, (1 76) 
- 6 
- 3** - 3 18 6 - 100 Combs and Copelin, (1979) 
- 4 + 5 
- 1 24 7 - 98 Jilek et aI., (1979~ 
- 3 - 1 - 2 18 11- 83 Combs et aI, ~19 0) 
+3 + 6 - 4 18 35 - 90 Jilek et aI., (1 80) 
- 1* + 2* - 3 18 26 - 98 Myer and Gorbet, (1982) 
+5 +10 - 5 18 33 - 80 Myer et aI., (1982) 
+2 +13 -11 44 19 - 98 Moser et aI., (1982) 
- 3 + 5 - 8 36 8 - 101 White et aI., (1983) 
+ 4* + 1 +5 8 21 - 95 Hale and Moss, (1984) 
- 4 + 1* - 5* 36 25 - 109 Jernigan et aI, ~1985) 
+10 19 - 9 30 37 - 106 Pontif et aI., (1 88) 
- 1 4 - 5 Average 
a Diets contained the same amount of supplemental protein feedstuffs or were 
b formulated to equal lysine content. Values indicate the percentage increase (positive value) or decrease (negative value) 
* 
due to feeding sorghum. 
** 
P<.05. 
P<.OI. 
Table 2. Feeding value of low-tannin sorghum relative to com for starter pigs.a 
D~ilK Daily Feed Pig Reference 
gam feed efficiency Pigs/diet weights,kg 
* 
-8 -3 -5 60 10 - 25 Hines and Koch, (1971) 
0 9* - 9* 128 7 - 24 Tanksley, (1977) 
4 12 - 6* 60 7 
-
18 Hamilton et aI., (1978) 
2 7 -5 18 9 - 37 Jernigan et aI., (1985) 
- 1 6 -6 Average 
a Diets contained the same amount of supplemental protein feedstuffs or were 
b formulated to equal lysine content. Values indicate the percentage increase (positive value) or decrease (negative value) 
due to feeding sorghum. 
Table 3. Apparent digestibility of diets containing low-tannin sorghum or corn.a 
Protein 
Tribble et aI., (1972) 
Tanksley et al., (1975) 
Hamilton et al., (1980) 
Jernigan et al., (1985) 
Gross enera,y 
a 
* 
Tribble et aI., (1972) 
Tanksley, (1975) 
Jernigan et aI., (1985) 
Digestibilities determined over the total tract. 
P < .05. 
Sorghum 
72 
75 
85 
64 
80 
81 
74 
Corn 
* 80* 
80 
87* 
73 
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Apparent ileal digestibilities of protein, lysine, threonine and tryptophan in low-tannin 
sorghums and corn are summarized in Table 4. In these trials, the test grain was the only 
source of dietary protein. Differences in digestibility of protein, lysine and threonine 
between sorghum and corn were not consistent among trials. One found higher (P<.05) 
digestibilities for sorghum, one found no significant differences, and one found higher 
(P < .05) digestibilities for corn. Tryptophan digestibility was consistently higher (P < .05) for 
sorghum, which is supported by bioavailability data (Table 5). Perhaps the most important 
conclusion from these data is that differences between sorghum and corn in amino acid 
digestibility or availability are not large and would not be expected to have a large role in 
practical swine diets with adequate protein and amino acid supplementation. 
Table 4. Apparent ileal digestibility of protein and selected amino acids in sorghum and 
corn by swine. a 
Sorghum Corn Referencea 
* 79 76 Taverner et al. (1981) 
82 77* Lin et al. (1987) 
67 70 Knabe (1990) 
Protein 
76* 71 Taverner et aI. (1981) 
74 78* Lin et al. (1987) 
54 60 Knabe (1990) 
Lysine 
81* 74 Taverner et al. (1981) 
75 72 Lin et aI. (1987) 
60+ 62 Knabe (1990) 
Threonine 
* 
80** 70 Lin et aI. (1987) 
72 57 Knabe (1990) 
Tryptophan 
a 
+ 
* 
** 
Grains were the only source of dietary protein. Values are for individual grain 
samples except Knabe (1990) which evaluated four samples of sorghum and corn. 
P < .10. 
P < .05. 
P < .01. 
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Table 5. Bioavailability of amino acids in sorghum and corn for swine. 
Sorghum Corn Method Referencea 
Tryptophan 70 70 Gain Rivera et al. (1976) 
85 77 Feed/gain 
Lysine 63 Gain Copelin et al. (1978) 
Threonine 89 
Tryptophan 93 
Tryptophan 94 86 Slope-ratio Sato et al. (1987) 
Sorghums are diverse in type and a large amount of research has been conducted to 
determine if differences in endosperm texture (floury, intermediate or corneous), 
endosperm color (nonyellow, heteroyellow or yellow), endosperm starch type (nonwaxy, 
heterowaxy or waxy) or tannin content affect the nutritional value. 
Endosperm texture (Cohen and Tanksley, 1973) and endosperm color (Tables 6 and 
7) do not appear to affect nutrient digestibility or swine performance. Waxy and heterowaxy 
sorghums have small advantages in ileal starch and amino acid digestibility (Table 8) over 
nonwaxy sorghum but these advantages are not found over the total digestive tract (Table 9) 
and do not equate to improved pig performance (Table 10). 
Effect of tannins on feedin~ value of sor~hum in swine. The most consistent affect of 
sorghum type is tannin content. In the following summaries, sorghums are referred to as 
either high-tannin or low-tannin. I use the term "high" with caution because tannin analyses 
for some experiments were not reported, the sorghum being characterized only as "bird-
resistant". Also, methods of tannin analyses varied among experiments, so it is not possible 
to relate graded levels of tannin to either nutrient digestibility or pig performance. 
Table 6. Effect of sorghum endosperm color on performance of swine. 
NY HY Y 
Allee and Smith (1973)a 
Daily feed, kg 1.63 1.65 1.66 
Daily gain, kg .71 .72 .73 
Feed/gain 2.30 2.29 2.27 
Tribble et al. (1974)b 
Daily feed, kg 2.70 2.44 2.63 
Daily gain, kg .71 .60 .63 
Feed/gain 3.79 4.06 4.17 
Tanksley (1975)b 
2.57de 2.60d 2.59d Daily feed, kg 
Daily gain, kg .78d .76 .77d Feed/gain 3.27 3.41e 3.35 e 
a Pig weights 21 to 41 kg; 21 pigs/diet. b Pig weights 30 to 104 kg; 15 pigs/diet. 
c Pig weights 22 to 98 kg; 48 pigs/diet. de P < .05. 
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Table 7. Effect of sorghum endosperm color on protein and gross energy digestibilities 
determined over the total digestive tract of swine.a 
Protein 
Allee and Smith (1973) 
Tanksley (1975) 
Noland et al. (1975) 
Gross energy 
Tanksley (1975) 
Noland et al. (1977) 
Knabe (1990) 
NY 
82b 
79 
89 
HY Y 
81b 
81 
91 
a 
bc 
Values are for diets containing equal supplemental protein, except Knabe (1990) in 
which sorghum was the only source of protein. 
P < .05. 
Table 8. Digestibility of diets containing waxy and heterowaxy sorghum measured at the 
terminal ileum of swine. a 
NW-NY HW-HY W-Y 
Protein 77c 78b 79b 
Lysine 86 87 86 
Threonine 74 76d 76d Tryptophan 71e 74 75 
Gross energy 78c 80b 80b 
Starch 92e 95d 94d 
Purser (1979). Diets contained 6.5% casein. 
bc P < .10. 
de P <.05. 
Table 9. Digestibility of diets containing waxy and heterowaxy sorghum measured over 
the total digestive tract of swine. a 
NW HW W Reference 
Protein 80 78 Cohen and Tanksley (1973) 
81 83 83 Purser (1979) 
Gross energy 85 84 Cohen and Tanksley (1973) 
88 88 88 Purser (1979) 
a Measured over the total digestive tract. 
Table 10. Waxy and heterowaxy sorghum for swine.a 
Purser (1979)b 
Daily gain, kg 
Daily feed, kg 
Feed/gain 
Myer and Gorbet, 1985c 
Daily gain, kg 
Daily feed, kg 
Feed/gain 
NW 
.76 
2.55 
.30 
.53 
1.19 
2.25 
a 
b 
c 
No significant difference among diets (P>.10). 
Pig weights 25 to 85 kg; 8 individually fed pigs/diet. 
Pig weights 9 to 26 kg; 54 pigs/diet. 
HW 
.83 
2.72 
.31 
100 
W 
.84 
2.69 
.31 
.54 
1.21 
2.26 
A summary of 13 growth trials (Table 11) comparing low and high-tannin sorghum 
shows daily gains were reduced an average of 3%, feed intake was increased an average of 
2% and feed efficiency was worsened an average of 6% from feeding high-tannin sorghum 
based diets. The response was consistent; in 10 of the 13 trials, growth rate was reduced and 
feed efficiency worsened; feed intake was higher in 8 of the 12 comparisons. High-tannin 
sorghums had lower nutrient digestibility (Table 12) than low-tannin sorghums in each of 
the six comparisons. Both gross energy and protein digestibility were significantly (P < .05) 
reduced in all trials, and the magnitude of reduction was about 6 percentage units for each. 
These data strongly suggest that high-tannin sorghums should be avoided as a swine feed if 
other economical alternatives exist. 
Because of the detrimental effects of high-tannin content, several methods have been 
evaluated to determine their efficacy in improving nutritional value of high-tannin sorghum 
for swine. Use of high-moisture storage (Mitaru et aI., 1984; Myer et aI., 1985), soaking in 
sodium hydroxide (Kemm and Ras, 1985) and addition of polyethylene glycol (Savage et aI., 
1980) have all improved the nutritional value of high-tannin sorghums for swine, but the 
economic feasibility of these methods is questionable. 
As the above summary shows, sorghums, with the exception of high-tannin types, have 
high nutritional value for swine and often sorghum and com can be interchanged on a 
weight basis without greatly affecting swine performance. To obtain the best use of 
sorghum, however, certain principles must be followed. 
Supplementation of sorghum. Sorghum diets require the same amount of high-quality 
protein supplement as com based diets, and formulations should be on an amino acid basis 
rather than on a crude protein basis. Sorghum typically contains more protein than com, 
but content of lysine, the first-limiting amino acid in most swine diets, is slightly lower. As 
protein content of sorghum increases, lysine content does not increase proportionally (Ward 
et aI., 1988); that is, most of the increased protein content comes from increased non-
essential amino acid content. Early experiments comparing sorghum and com used diets 
formulated on a protein basis, and the greatly inferior performance on sorghum diets was 
likely caused by a simple lysine deficiency. Beames et aI. (1973) found equal feeding value 
for sorghums ranging from 6 to 13% protein as long as soybean meal content was the same 
for all diets. 
Table ll. Feeding value of "high-tannin" sorghum relative to low-tannin sorghum. 
Tannin contents 
Daily Daily Feed of grains Pigs/ Pig Reference 
gaina feed efficiency High Low diet weights ,kg 
- 6 +6 -13* 32 22 - 98 Houser and Lundy (1972) 
- 6 +3 -10* 10 26 - 104 Wallace et al. (1974) 
+ 3 -5 + 2 l.7 .1 24 8 - 47 Combs and Wallace (1976) 
+ 2 +4 - 2 18 14 - 96 Hammell and Johnson(1976) 
- 4 +1 - 6* 24 7 - 98 Jilek et al. (1979) 
-10* b -11* 25 4 16 28 - 81 Almond et al. (1979) 
- 4 +2 - 5* 18 7 - 27 Combs et a1. (1980) 
- 1 +9* -10* 3.4 .85 10 20 - 95 Cousins et a1. (1981) 
- 3 -4 + 1 .9 .3 7 38 - 76 Kondos and Foa1e (1983) 
- 4* +1 - 5* l.4 .1 12 20 - 85 Kemm et al. (1984) 
0 -3 + 4 4.17 .06 12 9 - 19 Mitaru et al. (1984) 
- 2 0 - 3* l.7 .1 24 27 - 95 Myer et al. (1985) 
- 5* +6* -15* 3.7 .1 36 9 - 26 Myer and Gorbet (1985) 
- 3 +2 - 6 Average 
a Values indicate the percentage increase (positive value) or decrease (negative value) 
b due to feeding high-tannin sorghum. Pigs were limit-fed equal amounts. 
* P<.05. 
~ 
o 
~ 
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Table 12. Apparent digestibility of diets containing "high" or low tannin sorghum.a 
Tannin 
High Low Difference 
Protein 
•• Noland et al. (1977J 64. 70 -6 
Almond et aI. (197 ) 73 .. 79 -6 
Cousins et aI. (1981) 79. 84 -5 
Kemm et aI. ~1984) 75. 79 -4 
Mitaru et al. 1984) 67 .. 73 -6 
Myer et aI. (1985) 63 69 -6 
Gross energy 
• Noland et aI. (1977J 77. 82 -5 
Almond et al. (197 ) 76 .. 84 -8 
Cousins et aI. (1981) 85. 89 -4 
Kemm et aI. (1984) 81 •• 83 -2 
Myer et al. (1985) 72 79 -7 
a Digestibilities determined over the total digestive tract. Refer to table 11 for tannin 
contents. 
• 
•• 
P < .05 . 
P < .01 . 
Amino acid fortification of sor"hum diets. Production of crystalline amino acids has 
increased dramatically in the past 20 years, which makes it more feasible to use low-protein 
amino acid fortified diets. The degree to which soybean meal content can be reduced and 
crystalline amino acids added and obtain maximal swine performance is not the same for 
sorghum and corn. A large amount of research (for example, Russell et aI., 1986) has shown 
that corn-soybean meal diets of growing swine can be reduced from 16 to 12% protein and 
obtain equivalent performance if crystalline lysine, tryptophan and threonine are added. 
Experiments with sorghum (Hansen et aI., 1989) found 12% protein lysine-fortified 
sorghum-soybean meal diets were limiting in threonine, but not tryptophan, methionine or 
isoleucine. However, none of the 12% protein diets caused performance equivalent to that 
obtained on 16% protein, sorghum-soybean meal diets. Diets containing 13% protein and 
fortified with lysine and threonine also failed to cause maximum performance. In sorghum-
soybean meal diets of starter l'igs, a minimum of 17% protein plus lysine, threonine and 
methionine supplementation IS needed to obtain performance equal to that of pigs fed a 
21 % protein diet (Hansen et al., 1990). Limited data suggest that corn-soy!lean meal based 
diets of starter pigs can be reduced to 14% and obtain maximum performance if crystalline 
lysine, tryptophan and threonine are added. Further research is needed to determine why 
dietary protein contents of sorghum diets cannot be reduced to the same extent as corn diets 
and obtain maximal performance when crystalline amino acids are supplemented. 
Processing sorghum for feed. Sorghum must be processed before feeding to obtain 
maximum utilization. Grinding is the most common and economical method used. For best 
utilization, sorghum should be ground as fine as possible without causing dust or handling 
problems. Fine grinding improves both nutrient digestibility (Owsley et aI., 1981) and feed 
efficiency (Tribble and Sasse, 1974). Storage of sorghum in the high-moisture state, neither 
anaerobically or by using acetic-propionic acid, does not damage sorghum's nutritional value 
103 
and may cause a small improvement in digestibility and pig performance (Knabe and 
Tanksley, 1982; Crenshaw et aI., 1984). Micronization and steam-flaking causes a small 
improvement in sorghum's feeding value compared to grinding (Tanksley and Brzozowski, 
1972; Tanksley and Osbourn, 1972; Luce et al., 1974; Allee, 1976) but processing costs make 
these methods not feasible. 
Because swine are a good model for human nutrition, Serna-Saldivar et al. (1987) 
used swine fitted with an ileal T -cannula to determine if cooking sorghum and corn with 
lime, as in tortilla processing, would affect nutrient digestibility. Diets contained 3.25% 
casein. Cooking with lime did not affec~ (P > .10) grC!ss ener~ di~esti~il~t.ies determined at 
the terminal ileum, ~ut caused ~ ve~ s.li~ht (P>.10) mcrease. m dlgestlbllIty~hen. measured 
over the total digestIve tract. DIgestIbIlIty of protem determmed at the termmallleum 
tended to be decreased (P<.10) by lime cooking, for both grains, but the magnitude of the 
decrease was greater for corn (76.5 vs 72.8%) than whole sorghum (66.8 vs 65.9%). Pearling 
of sorghum prior to lime cooking improved (P < .01) gross energy and N digestibilities at 
both the terminal ileum and over the total digestive tract; ileal digestibility of N at the 
terminal ileum was not different from that of corn cooked with lime. Over the total 
digestive tract, digestibilities of lime-cooked pearled sorghum and corn were equal. 
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Sorghum grain cultivars vary in energy, amino acid, and tannin content (Douglas et 
al., 1990). According to the National Research Council (NRC; 1984), the metabolizable 
energy (MEn) content of sorghum is slightly lower than that of corn, but it is higher than 
that of wheat, barley, oats, and millet. It is assumed that the MEn value for sorghum listed 
in the NRC publication is for low tannin varieties, since high tannm cultivars have 
comparatively lower MEn contents (Nelson et al., 1975; Kirby et al., 1983; Douglas et a!., 
1990). With the exception of high lysine varieties, which contain greater levels of this amino 
acid than "normal" sorghum grains, the indispensable amino acid profiles (as g/100 g 
protein) of sorghum cultivars do not vary greatly. 
Nutritional value ofhiah lysine sorghum grain for chicks. Growth studies with chicks were 
conducted in our laboratory to compare the nutritional value of two different varieties of 
high lysine sorghum with that of two low tannin commercial sorghum grains (RS671 and 
RS610). One of the high lysine cultivars (IS11758) was discovered in the World sorghum 
collection (Singh and Axtell, 1973) and was of Ethiopian origin. The other high lysine 
sorghum (1'721 opaque) was developed by chemical mutation (Axtell, 1985). 
In the first series of experiments, ISl1758 was compared with RS671 and RS610 
(Featherston et al., 1975). The high lysine sorghum contained approximately twice as much 
lysine as the normal sorghums on an "as is" basis. When the grains were compared on either 
an equal weight or equal protein level in diets in which all of the protein was provided by the 
sorghums, chick growth rates were very poor. However, the high lysine sorghum produced 
weight gains of approximately three times those obtained with the normal grains and with 
about half as much feed required per unit of gain. Supplementation of the normal sorghum 
diet with lysine equal to the level supplied by the high lysine sorghum resulted in similar 
chick growth and feed efficiency. Thus, the nutritional superiority of IS11758 over normal 
_ sorghum grains can be attributed solely to its elevated lysine content. 
Similar beneficial effects of high lysine sorghum were observed when chicks were fed 
P721 opaque as compared with normal P721, although the growth response was somewhat 
less (2.2 fold) than that observed for IS11758 (RogIer and Featherston, unpublished data). 
These results demonstrate that high lysine sorghum grains are nutritionally superior 
to normal cultivars when fed in diets where lysine is the first-limiting amino acid, which is the 
case in many third world countries where grains comprise a large portion of the total human 
diet. Under these conditions, high lysine sorghum would be expected to have a positive 
nutritional impact. However, most practical poultry rations are composed of grain and 
soybean meal, usually contain adequate lysine, and are first-limiting in methionine or total 
sulfur amino acids. Under these conditions, the use of high lysine sorghum grains would not 
be expected to elicit a dramatic response in avian performance. 
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Soq~hum and poultty produc\lMfWlentation. One potential problem associated with using 
either low tannin sorghum (L ), wheat, barley, oats, or millet in poultry diets involves 
pigmentation of the skin of broiler chickens or the egg yolks of laying hens. The above 
grains contain little (if any) xanthophyll and, when they are used as dietary replacements for 
yellow com, result in the production of pale carcasses and egg yolks. If consumer demands 
dictate that poultry products have a yellow color, the paleness problem can be overcome by 
the dietary addition of feed ingredients rich in xanthophyll. 
Since commercial cultivars of L TS can effectively replace other grains in poultry 
rations (Hulan and Proudfoot, 1982; Gardiner et aL, 1982), the remainder of this paper will 
focus on high tannin sorghum (HTS), which adversely affects the performance of domestic 
fowl. 
Chemistty of tannins. Tannins are water-soluble polyphenolic plant metabolites which have 
molecular weights of 500 or greater and are able to precipitate gelatin and other proteins 
from aqueous solutions (Haslam, 1981; Butler, 1989). Physiochemically, tannins are 
complex heteropolymers classified into two major types, hydrolyzable and condensed 
(Butler, 1989). 
Hydrolyzable tannins are composed of glucose or other saccharides polyesterified by 
gallic acid or by :ehenolic acids derived from gallic acid, such as ellagic acid. Hydrolyzable 
tannins are readIly cleaved by acids, bases and, in some cases, hydrolytic enzymes (Haslam, 
1981). In the intestinal tract of chickens, tannic acid is hydrolyzed to gallic acid and glucose 
(Potter and Fuller, 1968; Kadirvel et aL, 1969). The absorbed gallic acid is primarily 
metabolized to 4-0-methyl gallic acid and is excreted in both urine and feces (Potter and 
Fuller, 1968; Kadirvel et al., 1969). The source of methyl groups for O-methylation of gallic 
acid probably involves both methionine and choline (Potter and Fuller, 1968). 
Sorghum tannins are of the condensed type, consisting of polymers of flavan-3-0Is 
linked through acid-labile carbon-carbon bonds (Haslam, 1981; Mehansho et aL, 1987; 
Butler, 1989). Since hydrolyzable tannins apparently do not occur in sorghum (Butler, 
1989), the use of tannic acid or gallic acid as a model for sorghum tannins is inappropriate. 
Therefore, studies involving the effect of feeding hydrolyzable tannins to poultry will be 
discussed only for comparative purposes. 
Biolo~ical effects of tannins. Tannins exhibit a wide variety of biological effects that are 
thought to be caused by their ability to bind proteins (Butler et al., 1984). Some beneficial 
agronomic effects of sorghum tannins include resistance to bird depredation, pathogenic 
fungi, and preharvest seed germination (for review, see Butler, 1989). In contrast, sorghum 
tannins are associated with a wide variety of toxic effects when present in the diets of 
poultry. Although others have carried out research in this area, the present discussion will 
be limited to work conducted in our laboratory during the past two decades. 
Effects of dietaty sor,hum tannins in poultty. In our initial studies with HTS, it was 
demonstrated that H S depressed chick growth rate and feed effiCiency values when 
compared with L TS on an isonitrogenous basis in sorghum-soybean meal diets suboptimal 
in protein and first-limiting in methionine (Rostagno et aL, 1973a). Subsequently, it was 
shown that in vitro protein digestibility (Armstrong et aL, 1974c) and apparent and corrected 
amino acid availabilities were reduced in chicks fed HTS (Rostagno et al., 1973b). 
Supplementation of a HTS-soybean meal diet with methionine was effective in overcoming 
the growth depression up to a level of the LTS diet similarly supplemented, but did not 
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completely correct the reduction in feed efficiency (Armstrong et ai., 1973, 1974a, 1974b; 
Elkin et aL, 1978b). This was rather surprising, since the diets were still deficient in total 
protein and several indisr.ensable amino acids. Furthermore, if impairment of protein 
digestibility was the sole antinutritional" effect of tannins, it might be expected that 
methionine supplementation might overcome some, but not all, of the effects of tannins on 
growth rate. Interestingly, although methionine overcame the effects of tannins on growth 
rate, it had no effect on dry matter or nitrogen digestibilities (Elkin et aL, 1978b). 
Methionine hydroxy analogue was as effective as DL-methionine in correcting the growth 
depression associated with feeding HTS to chicks (Featherston and RogIer, 1975). In 
contrast, choline, another methyl donor compound, was completely ineffective in this regard 
(Armstrong et aL, 1973). 
In order to examine if tannins preferentially affected the metabolism of the methyl 
group of methionine, studies were conducted in which ~hicks were fed L TS- or HTS-
soybean meal diets and were orally dosed with either 1 CH3- or 14C-3-labelled methionine 
(Elkin et aL, 1978b). Chicks fed the HTS-based diet excreted 1.5 times more radioactivity 
than did chicks fed the LTS-based diet, regardless ofthe position ofthe 14C-Iabel. In 
addition, aHoroximately 2.5 times more radioactivity was recovered in the excreta of chicks 
dosed with f4CH...3-methionine versus the 14C_3 form, regardless of the dietary sorghum 
tannin content. These data suggested that methionine was metabolized in the same manner 
in chicks fed LTS or HTS and that methionine was probably not functioning as a methyl 
donor in a detoxification process (Elkin et ai., 1978b). This further exemplified the 
differences that exist between the condensed tannins of sorghum and hydrolyzable tannins 
which, as previously mentioned, are metabolized by methylation of the gallic acid residues. 
Unlike the effects observed in chicks fed HTS, methionine supplementation was 
ineffective in correcting the growth depression observed when either tannic acid or catechin 
(a model for condensed tannins) were added to a LTS diet (RogIer et ai., 1978). 
Furthermore, feeding chicks a HTS-safflower-soybean meal diet first-limiting in lysine, 
rather than methionine, did not reduce growth rate or feed efficiency values (Elkin et aL, 
1978b). This suggested that a specific relationship existed between sorghum tannins and 
methionine, even though previous work indicated that the digestibility of all amino acids was 
reduced by sorghum tannms (Rostagno et ai., 1973b). 
Dietaty sor~hum tannins and le~ abnormalities in chicks. An early observation of the effects 
of dietary HTS for chicks was an increased incidence of leg or bone anomalies as compared 
with chicks fed LTS (Rostagno et aL, 1973a; Armstrong et aL, 1973; Elkin et ai., 1978a). This 
condition was characterized as an outward bowing of the legs with swelling of the hock joint. 
Since bone mineralization was apparently not influenced by tannins, as demonstrated by 
similar bone ash values for chicks fed HTS or L TS, it was suggested that tannins may be 
inducing alterations in the organic matrix of the bone (Elkin et ai., 1978a). 
The incidence of the leg abnormalities caused by HTS was much greater when chicks 
were fed a HTS-crystalline amino acid diet as compared with a HTS-soybean meal diet 
(Elkin et aL, 1978a). The amino acid diet had the same concentrations of amino acids as 
provided by ~he soybean meal. HTS depressed chick growth rates to approximately the 
same extent m both the crystalline amino acid- or soybean meal-containing diets (Elkin et 
ai.,1?78a). However, while methionine supplementation overcame the growth depression 
of chIcks fe~ a HTS-soybean meal diet, it was ineffective in alleviating the growth reduction 
noted in chICks fed a HTS-crystalline amino acid diet. If tannins were acting merely by 
reducing protein digestibility, then it might be expected that providing part of the amino 
acids in the crystalline form would minimize this effect, but such was not the case. Also, the 
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fact that methionine addition was only effective in a HTS-soybean meal diet would suggest a 
unique relationship between tannin and the methionine residues in soybean meal. 
Although tannin preferentially binds to peptide bonds adjacent to prOline 
(Hagerman and Butler, 1981), it is possible that the locations of the proline residues in 
soybean proteins are such that complexing of soybean proteins with tannins also blocks the 
utilization of methionine. Since methionine is the first-limiting amino acid in a sorghum-
soybean meal diet, any interference in the utilization of methionine would exacerbate this 
deficiency. In contrast, although the HTS-crystalline amino acid diet fed was equally 
deficient in methionine, tannins would not interfere with the utilization of free methionine 
since they do not complex with free amino acids. 
Subsequent studies were conducted where HTS was compared with LTS in diets 
supplemented with either intact protein (isolated soybean protein; ISP) or crystalline amino 
acids (CAA) at two levels of nitrogen (RogIer et aL, 1985). CAA were added in the same 
amounts provided by ISP. At the lower level of dietary nitrogen, growth rate was depressed 
by HTS to the same extent in diets containing either ISP or CAA. These results were in 
agreement with those previously reported by Elkin et aL (1978a). Elevating the dietary 
nitrogen as ISP improved the growth rate of animals fed either LTS or HTS, but the 
magnitude of the response was much greater with HTS. The additional dietary ISP 
essentially overcame all of the detrimental effects of HTS on chick growth and reduced, but 
did not completely correct, the effects of HTS on feed conversion values. Similarly, 
increasing dietary nitrogen as CAA in the same concentrations as ISP increased growth 
rates in chicks fed both HTS and LTS diets. However, unlike the results with ISP, increasing 
CAA did not produce equivalent growth between chicks fed HTS and LTS; weight gains 
were still depressed by the HTS-CAA diet. If the tannin effects were mediated via reduced 
protein digestibility, it would be expected that increasing dietary nitrogen as CAA would 
have a greater effect than intact protein, since a relatively large portion of the nitrogen 
component of the diet would not require digestion. Thus, it would appear that the 
beneficial effects of increasing intact protein are exerted primarily by binding of tannins in 
the intestine and thereby preventing some other toxic mechanism(s), rather than by 
providing additional amino acids. In this respect, intact protein presumably functions in a 
manner similar to polyvinylpyrrolidone, which complexes with tannins and thereby 
overcomes the detrimental effects ofHTS (Armstrong et aL, 1973). 
Effects of stage of maturity on the tannin content and nutritional quality of high tannin 
sorghums. The assayable tannin content of HTS reaches a peak at approximately 30 days 
past half-anthesis, after which it decreases as the sorghum matures (Price et a/., 1979). The 
tannin in immature sorghum appears to be present in a smaller polymeric form and is not as 
effective in precipitating protein as tannin from mature HTS (Butler, 1982). Therefore, it 
was thought that the tannin in the immature grain might not be as toxic as that from the 
mature grain. Although it was confirmed that immature HTS had considerably more 
assayable tannin than mature grain, instead of being less toxic to chicks, feeding immature 
HTS caused a much larger reduction in chick growth than did mature HTS (RogIer and Sell, 
1984). 
Effects of dietaty tannins on intestinal tract morphology. Little information is available 
concerning the effects of sorghum tannins on the morphology of the gastro-intestinal tract. 
In contrast, hydrolyzable tannins have been reported to cause the following conditions: (1) 
esophageal and gastric edema; (2) hemorrhagic ulceration, necrosis, erosion and 
hypersecretion of mucin of the mucosa of the stomach and duodenum; (3) excess sloughing 
of the mucosa of the esophagus and colon; (4) thickening of the wall of the crop (for review, 
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see Sell et ai., 1985). Although the intestinal irritable effects of hydrolyzable tannins have 
been extrapolated to condensed tannins (Singleton and Kratzer, 1969), available evidence to 
support thIS supposition remains speculative. In fact, when compared to those of birds fed 
L TS, intestinal tract segments from chicks and laying hens fed HTS failed to show any of the 
above anomalies (Sell et ai., 1985). 
Effects of hi~h tannin sorihums in layin~ hens. Quail. and ducks. High tannin sorghum has 
been reported to depress egg production in laying hens (Sell et ai., 1983; Sell and RogIer, 
1984). As with growth rate in broiler chickens, the authors observed that methionine 
supplementation was effective in overcoming the reduction in egg production associated 
with feeding laying hens HTS. 
HTS and LTS were fed to three related lines of Japanese quail selected for 
differences in growth rate and mature body size (large, small, and controls). Growth rate 
was depressed in all lines by HTS as compared with LTS (Garwood and RogIer, 1987). 
Recently, studies were conducted to compare the effects of feeding HTS- and LTS-
soybean meal diets suboptimal in protein to both White Pekin ducks and broiler chicks 
(Elkin et ai., 1990). In contrast to the effects of HTS in chicks, ducks appeared to be 
unaffected by dietary tannin. However, because the sorghum-soybean meal diets were fed 
in a dry-mash form, the ducks had difficulty swallowing these diets and consumed a great 
deal of water. In addition, some feed washed off their bills and was deposited in the bottom 
of the water troughs of their battery brooders, from which it was subsequently consumed. 
Therefore, the lack of a depressing effect of HTS on duck growth may have been due to the 
formation of tannin-protein complexes upon exposure of the ground grain to water. An 
alternative explanation for this Ehenomenon may reside in differences in the digestive 
physiology of ducks and chicks (Elkin et ai., 1990). 
In subsequent studies designed to eliminate both the effect of water soaking of the 
diets and possible excess water consumption by the birds, White Pekin ducks were reared in 
floor pens and given access to nipple-type waterers (Elkin et ai., unpublished data). HTS-
and LTS-soybean meal diets, with or without supplemental methionine, and in either dry-
mash or pelleted (crumbles) form, were fed to both ducklings and chicks. The chicks were 
raised in battery brooders. In contrast to our previous findings with ducks raised in battery 
brooders, HTS-based diets, in either dry-mash or in pellet form, decreased weight gain and 
feed efficiency values of ducks reared under commercial conditions. However, the 
magnitude of this growth depression was much less than that observed in chicks fed the 
identical diets (17 % versus 33 %, respectively). Methionine supplementation of the HTS 
diets completely overcame the reduced weight gains in ducks. However, feed efficiency 
values were still significantly lower than those of ducks fed methionine-supplemented LTS-
based diets. In contrast, although HTS-fed chicks responded to dietary methionine 
supplementation, their weight gain and feed efficiency values were significantly poorer than 
those of birds fed LTS-based diets similarly supplemented. The weight gains of ducks fed 
HTS-soybean meal diets (not supplemented with methionine), as a dry-mash or in pellet 
form, were 82.6 % and 82.2 %, respectively, of those fed LTS-soybean meal diets. In 
contrast, chicks fed HTS-soybean meal diets (not supplemented with methionine) exhibited 
growth rates that were 55.3 % and 74.9 % those of chicks fed LTS-based diets as a dry-mash 
or in pellet form, respectively, suggesting that pelleting may partially overcome the toxic 
effects of sorghum tannins in chickens. 
Detoxification of high tannin sor~hums. Several procedures have been found to be effective 
in detoxifying or maximizing the utilization of HTS, and Dr. Butler will cover this in detail. 
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The easiest and least expensive method of optimizing the utilization of HTS in practical 
poultry rations containing soybean meal as the primary protein source has already been 
mentioned, namely methionine supplementation. With regard to the detoxification of HTS 
using chemical treatments, the following have been successfully employed: hot alkali 
extraction, ammoniation, use of weak alkaline solutions, and reconstitution with water (for 
review, see Butler, 1989). Although these procedures completely overcame the growth 
depression caused by H'fS, they had little effect in correcting the reduction in in vitro 
protein digestibility. This observation lends further evidence that digestibility is not the 
primary cause of the growth depression associated with feeding HTS. 
Are condensed soriWum tannins absorbed from the intestine? It is commonly believed that 
condensed tannin molecules are too large to be absorbed from the digestive tract, and that 
they exert their detrimental effects entirely within the lumen of the intestine. The first 
evidence that this may not be so was the increased incidence of leg anomalies seen in chicks 
fed HTS. The fact that a growth depression can be overcome without imprOving the 
digestibility of dietary protein and the lack of effect of HTS on the morphology of the 
intestinal mucosa would also suggest other mechanisms of tannin action. Perhaps more 
definitive evidence that dietary tannins are possib~ being absorbed involve studies on 
hepatic UDP-glucuronyltransferase and dietary 1 I-labelled tannins. 
It was found that UDP-glucuronyltransferase activity in chick livers was increased in 
birds fed HTS as compared with those fed LTS (Sell and RogIer, 1983). This enzyme is 
known to detoxify phenolic compounds and the activity would be expected to be enhanced if 
tannins were absorbed from the intestinal tract. 
Prelimina~:l!,search showed increased radioactivity in the blood, urine, liver, and 
kidney of rats fed I-labelled tannin (RogIer and Butler, 1985). Ba~d on protein 
precipitation assays, it appeared that at least 40 % of the absorbed 1 I-radioactivity was in 
the form of labelled tannin. If condensed tannins from sorghum are absorbed from the 
intestine, and we believe that they are, then this opens up a wide array of possible systemic 
effects of these compounds. 
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Two genetic mutants, one naturally occurring and one induced, have been identified 
that increase the lysine content of the sorghum endosperm and improve protein quality of 
the grain. A brief review of the origin of these mutants, and recent results of experiments on 
the relationship between improved protein quality and total grain production in sorghum 
are presented. 
Ethio i n Hi h- sine Gene. Singh and Axtell (1973) screened about 10,000 entries in the 
World Sorghum ollection and identified two floury endosperm varieties from Ethiopia that 
contained a gene that significantly i~creased the level of protein in the grain and also 
increased the lysine concentration of the endosperm proteins. The screening process 
involved cross-sectioning seeds from each entry to identify those with floury endosperm 
phenotypes and then evaluating grain samples from those selected entries for protein and 
lysine concentration. Sixty-two floury endosperm lines were identified, of which two (IS-
11167 and IS-11758) had a significantly higher lysine content than normal sorghum. These 
lines contain approximately 15-17% protein in comparison with normal checks averaging 
about 12% protein. The lysine content of the Ethiopian high-lysine selections is 
approximately 3.1 % (expressed as percent of protein) and 0.50% (expressed as percent of 
sample) in comparison with normal sorghum values of 2.0 and 0.26%, respectively (Axtell et 
al. 1974). The nutritional quality of the Ethiopian high-lysine grain is also significantly 
higher than normal sorghums in isonitrogenous rat feeding experiments (Singh and Axtell 
1973). It has been established that the concentration of alcohol-soluble proteins is 
significantly reduced in high-lysine endosperm, relative to values present in normal sorghum 
endosperm (Jambunathan et al. 1975). 
Utilization of High-Lysine in Ethiopia. A collection trip was made in 1973 to determine 
whether the hi~h-Iysine varieties identified in the World Collection were being cultivated by 
farmers in Ethiopia. The lines originally identified from the World Germplasm Collection 
were obtained in Wallo Province in the central highlands of Ethiopia. Farmers continue to 
grow these varieties in mixed plantings of sorghum varieties in this area of Ethiopia. A large 
number of varieties similar to the original high-lysine variety was collected in addition to an 
equivalent number of normal varieties for comparative purposes. Ejeta (1976) has 
evaluated the protein and lysine content of grain from high-lysine and normal varieties 
grown under actual field conditions in Ethiopia. Figure 1 illustrates the lysine and protein 
concentration in this series of high-lysine and normal sorghum varieties. The mean lysine 
concentration, expressed as percent of protein, was 2.88 for the high-lysine entries and 2.17 
for the normal sorghum varieties grown in the same environment. Protein values were 15.7 
and 11.4%, respectively. It seems likely that the high-lysine gene has been present in 
Ethiopia for a long period of time, since there is a great diversity in panicle morphology, 
maturity and plant height among the high-lysine genotypes collected. The farmers roast the 
heads of the high-lysine varieties in the late dough stage and eat the grain in mixtures with 
grain from normal sorghum varieties prepared in a similar way. There is a general 
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Figure 1. Relationship of protein and lysine in normal and high-lysine sorghum 
lines collected from the same environment. Circles represent data 
from dented high-lysine varieties; triangles represent data from 
plump normal cultivars collected in the same geographic region. 
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recognition by the farmers that the yiC?ld of hi~h-Iysine varieties i~ signif!cantly ~ess than . 
normal varieties. Gebrekidan has estImated (Table 1) that the hIgh-Iysme cultIvars grown m 
Ethiopia yield approximately 7~% of normal check varietie~ (Gebrekida!l, per~onal 
communication). The reason gIVen by the farmers for gro~ng these vanetles IS that the 
high-lysine grain has superior flavor and improved palatabIlIty when roasted. 
Table 1. Mean grain yields of 12 high-lysine ~or~hum cultivars and 2 check 
cultivars evaluated at Alemaya, EthiopIa. 
Sorghum type 
High-lysine 
Normal 
1975 
2.0 
2.9 
Grain yield (t/ha) 
1976 
2.5 
3.5 
Mean 
2.3 
3.2 
There is a good opportunity to utilize these high-lysine varieties in African countries 
as high-protein, special-purpose sorghum varieties. The protein concentration is increased 
by about 30% along with the significant increase in protein quality. The grain from these 
varieties is recognizably different for marketing purposes because of the somewhat dented 
kernel phenotype of the mature grain. The flavor characteristics also appear to make these 
varieties quite acceptable for human consumption. We propose that these Ethiopian high-
lysine varieties should be utilized in rural populations as special-purpose sorghums for 
people who have a high protein requirement. It should be possible for farmers in rural 
areas to produce an adequate quantity of high-lysine sorghum grain on a small section of 
their farm for use as a weaning food and a supplement for pregnant women and nursing 
mothers. It may also be possible to develop a marketing system whereby these grains can 
receive a market premium when sold in the cities. 
Chemically Induced High-Lysine Mutant. Mohan (1975) utilized chemical mutagenesis to 
induce a second high-lysine gene mutation in sorghum. The parent lines used for the 
mutagen treatment was a photoperiod insensitive, three-dwarf sorghum line with relatively 
broad agronomic adaptability. The parent line also has a colorless pericarp and a 
translucent (vitreous) endosperm so that progeny from the mutagen treatments could be 
screened for opaque mutant kernels over a light box. Selfed seed was treated with diethyl 
sulphate (DES) by soaking in a solution containing 1 ml DES per 1000 ml of distilled water 
for 3 hr. the M1 plants were grown in Lafayette, Indiana, USA during 1972 and each head 
was bagged to ensure self-fertilization. M2 plants were then grown in Puerto Rico during 
the winter of 1972-73 and each M2 heads Bearing M3 seeds were harvested in the spring of 
1973 in Puerto Rico and shipped to Lafayette for evaluation. 
Seed from each head was threshed and examined for opaque kernel segregates over 
a light box. A total of 445 putative opaque mutants were identified and seed from each 
segregating head was separated into vitreous and opaque classes. Both classes of seed from 
each putative mutant head was then analyzed for protein and lysine concentration. Of the 
445 mutants, only 33 were identified that had an increase in lysine concentration greater 
than 50%. Plants from each of these 33 opaque and normal sib seed lots were grown in 
paired rows to evaluate them for any morphological changes associated with the Change in 
endosperm phenotype. Most of the opaque mutants were found to drastically affect either 
plant or seed development. Only one of these 33 (P-721) was found to produce normally 
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appearing plants and seeds. The P-721 opaque mutant produced an increase of about 60% 
in lysine concentration. The mutant is controlled by a single gene that is simply inherited as 
a partially dominant factor. The nutritional quality of P-721 grain is significantly higher in 
monogastric feeding experiments than normal sib counterpart grain (Mohan 1975). 
VanScoyoc (1979) has examined dry matter accumulation during grain development 
to determine what effect the P-721 mutant has on grain yield potential. Figure 2 presents 
the mean seed weight per head of P-721 opaque and normal sib heads at periods ranging 
from 10 to 59 days after pollination in a space-planted population. It is evident from these 
data that there is no difference in dry matter accumulation until approximately 31 days after 
pollination. After 31 days, dry matter accumulation in the P-721 opaque line levels off, 
whereas dry matter in the normal sib line continues to accumulate for an additional week, 
plateauing at 38 days after pollination. VanScoyoc has also examined 1000-seed weight 
during grain development and his data are presented in Table 2. Seed weights of the normal 
and opaque lines are similar at 31 days after pollination, but diverge at 38 days after 
pollination. At maturity, kernel weight for the opaque line is reduced by 11-14% relative to 
Its normal counterpart. No reduction in seed number was observed, so the difference 
between the lines can largely be accounted for by reduced kernel density. The reduction in 
kernel weight is in relative agreement with preliminary data from a 1977 four-replicate yield 
trial at 147,664 plants/ha showing a 9.4% total yield reduction for P-721 opaque compared 
with its normal sib line. 
Table 2. Mean 1000-seed weights of P-721 opaque and its normal sib line during grain 
development in a space planted population. 
1000-seed dry weight (g)* 
Days after P-721 P-721 % P-721 opaque 
pollination normal opaque of normal 
17 7.625 7.875 103.3 
24 14.664 14.294 97.5 
31 18.562 18.998 97.7 
38 23.164 21.652 93.5 
45 25.455 21.608 84.9 
52 24.099 21.451 89.0 
59 24.861 21.358 85.9 
* Mean of three replicates. 
Yield of P-721 Derived Lines. The next phase of this sorghum improvement program 
involved the making of hundreds of crosses of the P-721 opaque mutant with high-yielding 
entries from the World Sorghum Collection, with elite lines from the Purdue/AID sorghum 
breeding materials, and with individual plants selected from genetically heterogeneous 
random mating populations. Emphasis was put on incorporating the P-721 opaqu~ gene 
into many and diverse genetic backgrounds to enhance the probability for identitying a 
genetic background which was optimal for expression of the P-721 gene. The pedigree 
breeding procedure was used in handling progenies from these crosses. Early generation 
selections were evaluated for agronomic desirability and yield potential at Lafayette, 
Indiana, USA, and for tropical adaptability in Puerto Rico. All segregating lines which 
lacked promising agronomic potential were discarded without attention to chemical 
evaluation because the major objective was to derive high-yielding, agronomically desirable 
100 P-721 Normal ~ 
-
0 P-721 Opaque 
C' 80 
-
0 
c:{ 
w 60 
::c 
....... 
~ 
::c 40 (!) 
w 
3: 
0 20 
w 
w 
en 
00 10 17 24 31 38 45 52 59 
DAYS AFTER POLLINATION 
Figure 2. Mean increase in seed weight per head of P-721 
opaque and P-721 normal sorghum during grain 
development in a space-planted population. 
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sorghum lines in which the P-721 gene had survived. Some 197 homozygous opaque F 6 
lines survived and after a fmal screening against lodging, stalk rot, and foliar diseases in 
Puerto Rico, VanScoyoc (1979) tested the best 158 lines, 11 elite normal cultivars from 
international trials, and RS 671 for yield (Figure 3). Several ofthe elite normal lines (the P-
954 series) had yielded very well in Africa. 
Yields ofthe 158 P-721 lines and the 11 elite normal lines were divided into three 
classes: 22 with low yield, 111 with intermediate yield, and 36 with high yield. All check 
lines were in the high-yield class. Among entries that yielded above 8.0 t/ha, the 12 opaque 
lines and the 7 vitreous controls gave mean yields of 8.5 t/ha. Among entries yielding above 
7.6 t/ha, the mean for 24 opaque endosperm lines was only slightly less than that for the 12 
checks (8.1 vs 8.2 t/ha, respectively). These data indicate that lines with the P-721 opaque 
gene can yield as well as the best normal sorghum cultivars if the gene occurs in the proper 
genetic background. Earlier, Christensen (1978), by studying a subset of the P-721 lines in 
F5 breeding lines, also showed that the P-721 opaque gene when placed in an appropriate 
genetic background would not reduce grain yield potential (Table 3). Because seed weight 
was reduced about 15% by the P-721 opaque gene, we speculate that selection for grain 
yield in P -721 lines must have resulted m an increase in the number of seeds per panicle 
and/or the number of panicles per unit area in order to have maintained a good yield level 
(Axtell et a!. 1979). It is likely that variations in sorghum panicle morphology allows 
compensation for reduced seed weight by increasing seed numbers per panicle. 
Table 3. Means of chemical and agronomic traits for opaque, heterozygous, and normal 
grain types in P-721 derived lines and high-yielding checks of sorghum. 
No. of Dye binding Protein Yield 100-seed 
Genotype or cultivar entries capacity (5) (t/ha) weight (g) 
P-721 Genotype 
Opaque 300 49.3 12.5 4.7 2.50 
Heterozygous 73 42.5 13.3 4.5 2.89 
Normal 5 39.8 12.9 4.2 2.87 
Checks 
954063 (cultivar) 4 34.0 11.4 5.7 2.58 
RS-671 (hybri~ 4 34.3 11.7 5.6 2.30 
NK-300 (hybri ) 4 33.8 10.9 6.7 2.18 
Acceptance of high-lysine sorghum cultivars will be limited by problems associated 
with the opaque kernel phenotype. Ejeta (1979) was successful in identifying several lines 
with vitreous endosperm and high lysine content. Subsequently, these proved to be stable 
for vitreous endosperm phenotype and high lysine concentration. Also, seed treatments of 
P-721 opaque, high-lysine sorghum lines with DES resulted in mutants with vitreous 
endosperm and high lysine concentration (Porter 1977; Ejeta 1979). In general, the lines 
with modified vitreous endosperm from both sources had higher kernel weight and lower 
percentages of protein and lysine (Table 4). Also, the most vitreous types had the highest 
test weight. 
A replicated yield trial of 35 opaque lines and 11 normal lines at two locations in 
Indiana has recently been completed. The results are presented in Table 5. The mean grain 
yield of the top three P-721 opaque lines is similar to that of the top three normal checks in 
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Figure 3. Frequency distribution of grain yields of F7 P-721 opaque-derived 
lines and elite normal cultivars of sorghum. 
the trial. The dye binding capacity (DBC) of the hi~h yielding P-721 derived lines is 
intermediate between the checks and that of the onginal P-721 opaque line. 
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Future studies with regard to the food-making characteristics of the high-lysine lines 
will reveal new possibilities and drawbacks. Thus we can await that the milling quality of the 
more vitreous high-lysine lines previously discussed will have better milling characteristics 
than P-721 opaque which is poor in milling quality due to its softness. 
Table 4. Protein and lysine contents and 100-kernel weight for vitreous (modified) and 
opaque endosperm kernels from lines derived from P-721 high-lysine sorghum. 
Endosperm Lysine 100-kernel 
type Protein (%) (% of protein) weight (g) 
Modified 11.3 2.77 2.56 
Opaque 12.6 2.83 2.27 
Modified as % of opaque 90.0 97.90 112.80 
Table 5. Mean grain yield of P-721 opaque derived lines in comparison with normal 
checks and original P-721 opaque mutant line. 
Fl* Ht** Yield 
(Days) (cm) (kglha) % Protein DBC*** 
High-lysine entry 
851171 81 145 8472 9.00 35.50 
850029 82 130 8221 9.07 35.00 
851356 82 155 8158 8.56 34.75 
Mean 82 143 8284 8.88 35.08 
Check entry 
954206 85 205 8660 7.68 29.75 
954062 81 180 8284 9.32 31.50 
954063 81 140 8158 8.86 29.75 
Mean 82 175 8346 8.62 30.33 
P-721 opaque 81 125 5585 9.92 42.75 
*Fl = Days to flower. 
** Ht = Height at flowering. 
*** DBC = Dye binding capacity. 
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Introduction. Sorghum [SorGhum bicolor (L) Moench] grain is one of the major sources of 
pr'?tein and carbohydrate in the diets of milli,?ns of peopl~ in th.e d~veloping ~ountri~s .of 
AsIa and Africa. The deficiency of the essentIal ammo aCId, lysme, m the gram has lImIted 
its nutritional value in cereal-based diets. Efforts to improve the protein quality of sorghum 
have resulted in the identification of high lysine lines. The superior protein quality of high 
lysine sorghums for monogastric animals has been demonstrated subsequent to the 
discovery of the high lysine mutants (Singh and Axtell, 1973; Axtell, 1975). Unfortunately, 
like opaque-2 maize (~ mays L), widespread utilization of these high lysine mutants has 
not been realized because of certain inherent problems associated with them. 
General acceptance of high lysine maize and sorghum has been limited by numerous 
problems associated with their opaque kernel characteristics. Reduced kernel weight 
(Lambert et al., 1969; Mohan, 1975), reduced grain yields (Glover, 1976; Singh and Axtell, 
1973), slower drying in the field (Sperling, 1972; Vasal, 1971), increased susceptibility to 
molds and insects (Ortega et aI., 1972), a greater percentage of cracked kernels when 
harvested mechanically (Lamert et aI., 1969; Vasal, 1971), and decreased appeal to 
consumers where hard, shiny grain is preferred (Vasal, 1972), have all been associated with 
the soft, floury endosperm characteristics of the high lysine material in both maize and 
sorghum. 
The problems associated with the soft opaque kernels have caused breeders to focus 
their attention on the development of high lysine material having vitreous kernels. A variety 
of approaches have been used to eliminate the detrimental effects of the soft endosperm of 
opaque-2 maize. Bauman et aI. (1971 and 1972), reported th~ modified endosperm 
opaque-2 types could be selected from crosses of opaque-2 (Q ) with diverse maize 
populations but that the frequency of modified types differed considerably with genetic 
background. This conclusion was in agreement with the findings of other breeders (Singh 
and Asnom, 1972; Vasal, 1972; Zuber, 1975). Modified endosperm types have also been 
identified from inbreds, synthetics, and segregating families (Bauman and Aycock, 1970; 
Dudley et al., 1972; Zuber 1976). Others (Barbosa, 1972; Glover et aI., 1976) reported that the sugary-2 gene (sY2) interacted with the opaque-2 (Q ) gene in the double mutant 
combinations to prodUce vitreous kernels high in lysine, sucrose, oil, and mineral elements. 
Inheritance of kernel hardness in Q2 populations has been found to range from those 
seemingly qualitative with few gene controls to those with quantitative inheritance and 
additive genetic variation. Dosage effect in reciprocal crosses between modified and normal 
gene pools as well as xenia effects have been observed. In general, there is a negative 
relationship between vitreousness or hardness and protein quality, so phenotypic selection 
must be accompanied by chemical analysis of the endosperm to maintain high lysine levels 
(Glover, 1988). 
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Among the various programs that undertook research on the development of hard 
endosperm high lysine/tryptophan maize, the International Maize and Wheat Improvement 
Center (CIMMYT) made substantial investments to sustain an extensive breeding program 
over several years. Through backcrossing and recurrent selection, CI~YT breeders were 
able to combine a fairly complex system of genetic modifiers with the Q gene in developing 
what is now commonly referred to as Quality Protein Maize (Glover, 1988). QPM kernels 
are indistinguishable from normal kernels in phenotype, yet contain about 50% more lysine 
and tryptophan than normal. QPM varieties and populations nearin~ yield levels of normal 
types have been found (Vasal et al., 1984; Glover, 1988), thus providmg the higher protein 
quality as an added benefit to traditional maize consuming populations. Should the yield 
and quality be maintained across gene pools and environments, promoting widespread use 
of QPM will likely be easy. Recent evaluation of new e~erimental QPM varieties in several 
Latin American and Canbbean countries suggest that thIS indeed is possible (CIMMYT 
Reports). 
Problems associated with high lysine sorghums very much parallel those in maize. 
The naturally occurring high lysine (hI) mutants from Ethiopia (IS11758 and IS11167), while 
having superior biological value, possess dented kernels that result in a reduced test weight 
and yield. These two lines are photoperiod sensitive and do not flower in the northern 
hemisphere. The induced mutant, P-721 opaque (Q) has plump kernels, having been 
derived in a well-adapted, good food grain quality, and photoperiod insensitive germplasm 
background. The shortcomings of P-721 Q were that it has soft opaque kernels again 
resulting in lower test weight and yield. In view of the dented kernels of hi mutants and the 
soft endosperm kernels associated with P-721Q, and the problems with soft kernels in 
similar mutants in maize, we organized studies to attempt to develop hard endosperm high 
lysine sorghums. Two different approaches were used. First, the induced high lysine 
mutant, P-721Q, was further treated with DES to induce point mutation at the opaque (Q) 
locus, the gene controlling kernel hardness/softness. A second approach used conventional 
breeding practices where the high lysine mutant, P-721Q was intercrossed with numerous 
elite selections from the World Sorghum Collection, and with random plants in two Purdue 
Random Mating Sorghum Populations (PP8 and PP9). We report below the results and 
experiences of these two approaches. 
Materials and Methods. Approach I - Chemical mutagenesis. Mutagen treatment: Seeds 
of a high lysine sorghum line, P-721 opaque, were treated with the chemical mutagen, 
diethyl sulfate (DES). Homogeneous opaque seeds for treatment were obtained by bulking 
seed from uniformly opaque heads. Approximately 2.1 kg of opaque seeds were treated in 
300 g lots by soaking them for 3 h in flasks containing 1 ml of DES per 1000 ml distilled 
water per 75 g of seed. The control treatment consisted of soaking seed in distilled water for 
the same length of time. Flasks were agitated for 1 minute at 30 minute intervals during the 
treatment period. After the 3 h treatment, seeds were washed in running distilled water for 
5 minutes, air dried and planted immediately at the Purdue Agronomy Farm, West 
Lafayette, Indiana. 
Screening of mutants. Approximately 38,000 M1 plants were selfed by bagging individual 
panicles before flowering in the nursery planted at the Purdue University Agronomy Farm, 
Lafayette, IN. M2 kernels from each selfed M1 plant were threshed and examined over a 
light box for translucence. Vitreous kernels from 4970 panicles segregating for vitreous and 
opaque phenotype were considered to be putative vitreous endosperm mutants. Vitreous 
kernels from each M1 panicle were classified for degree ofvjtreousness and planted at 
Lajas, Puerto Rico, in paired rows with opaque kernels from the same panicle. Ten random 
panicles in each M2 row were bagged to ensure selfing and produce M3 seeds. Each panicle 
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was harvested and threshed individually and M3 kernels from each M2 pani~le were again 
examined for vitreousness. Emphasis was. placed both on degree o~ kernel Vltreousness and 
frequency of vitreous kernels on each pamcle. Selected M3 progemes were planted at West 
Lafayette. Only panicles with high frequencies of very vitr~ous kern~ls we~e sampled for 
protein and lysme content in both the M3 and M4 generatlons. Pamcles WJt~ all-opaque 
kernels in anyone generation were discarded. Several rows of !he parental hnes, P-721 
opaque, high lysine line and its sister line P-721 normal (low lysme) were also grown and 
sampled at each generation and location, as checks for kernel phenotype and lysine 
concentration. 
Based on the results of chemical analysis for lysine and protein content and 
confirmation of vitreous ness of kernels over the light box at both the M3 and M4 
~enerations, thirteen vitreous mutants with lysine contents> 2.5 glI00g protein were 
Identified as being elite. These and an additional 327 M4 progenies with vitreous kernels 
were advanced to the M6 generation. M4 and M6 progenies were generated at the Purdue 
Agronomy Farm and M5 progenies were from nursery planted at Lajas, Puerto Rico. At 
each generation 10 rancfom plants were selfed, individual panicles were threshed, kernels 
from each panicle were separated to vitreous and opaque, and each class analyzed for 
protein, dye-binding capacity or lysine contents. Only those panicles with homogeneous or 
nearly homogeneous vitreous kernels and lysine content greater than 2.5 g!100g protein in at 
least one previous generation were resampled for analysis of protein and lysine in the MS 
generation. Panicles with homogeneous opaque kernels, even if derived from parents wIth 
vitreous kernels, wer~ discarded; whereas vitreous and opaque segregates from the same 
M4 plant were sampled and planted in pairs as MS progeny rows for confirination. At 
flowering, individual panicles were again harvestea, threshed, sampled and classified 
separately before screening over a light box for vitreousness and frequency of vitreous 
kernels. Chemical analyses could not be performed on all samples before planting M6 
progenies. All distinctly vitreous kernels from each MS panicle were planted making up the 
M6 generation. M6 progenies were selfed, sampled, and screened as in the MS generation. 
Atnarvest a total of 485 M6 progenies were subsampled for protein and lysine 
determination. 
Chemical analyses. Protein and lysine analyses, for each generation were limited to samples 
from panicles with distinctly vitreous kernels. Vitreous kernel samples at the M4 generation 
were analyzed for dye-binding capacity (DBC) a colorimetric rapid assay established to have 
high positive correlation with high concentration of basic amino acids. Those with high 
DBC were analyzed for protein and lysine. Samples were prepared for protein and lysine 
determination by grinding whole kernel samples. These samples were defatted and total 
nitrogen determined by micro-KjeldahI. Percent protein (crude protein) was calculated by 
mUltiplying nitrogen concentration by 6.25 to get protein as percentage of sample. Lysine 
was determined by ion exchange short column chromatography and was expressed as 
percentage of protein. 
Approach 11- Intercrossina P-7210 with diverse sorahum populations. Pediaree and 
selection procedure. Many crosses of P-721 opaque, a high lysine line developed at Purdue 
University, were made with high yielding selections from the World Sorghum Collection, 
with elite lines from Purdue University's sorghum breeding materials, and with individual 
plant selections from Purdue random mating sorghum populations (PP8 and PP9) in the 
1974 summer. This was done with the intention of putting the P-721 opaque, high lysine 
gene into diverse germplasm to select for appropriate genetic background that will enhance 
the yield potential and kernel modification of the P-721 opaque sorghum lines. The 
chemically induced P-721 opaque gene is inherited as a partial dominant and is nonallelic 
with the natural mutant high lysine (bl) gene in sorghum (Mohan, 1975). 
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All segregating generations were handled by the pedigree breeding procedure with 
alternate evaluations for agronomic desirability (reduced lodging, stalk-rot, and foliar 
diseases) and yield potential at the Purdue University Agronomy Farm, Lafayette, Indiana 
(U.S.A), and for tropical adaptation at Lajas, Puerto Rico. In Lafayette, selection in F2 
populations was practiced on only agronomic traits. In Puerto Rico in F3 generation, family 
selections were made on agronomic traits and tropical adaptation; dye-bmding capacity 
(DBC, in percent light transmittance) and/or percent protein was determined on samples of 
kernels from an average of 10 selfed F3 plants in every selected family. Panicles with DBC 
greater than 40 were advanced to constitute the F 4 generation in Lafayette, where 
individuals were selected for yield potential (visual only) and high DBC on kernels from F 4 
plants. Again in Lafayette in F 5' 388 F 4-denved progenies were evaluated in a yield trial 
with two replications. In another nursery selfed seed from 10 individual plants of each of 
those same F 4-derived progenies were evaluated for DBC and examined for the presence of 
modified endosperm. A total of 197 plants with modified endosperm in high yielding 
progenies were selected. Kernels within individual panicles were separated into those with 
modified endosperm and those with opaque. In Puerto Rico in F 6' these 197 sib pairs were 
head-rowed to one-row plots in adjacent rows in three replications and rated for agronomic 
characteristics, and selfed seed from 30 plants for each of the 394 (= 197 x 2) entries were 
examined for the presence of modified endosperm. Each F 6 panicle with partially vitreous 
kernels was scored for varying degrees of modification, and the frequency of those panicles 
was recorded. 
Only types with a high degree and high frequency of vitreousness were identified as 
being modified. From approximately 12,000 panicles examined, 116 with modified 
endosperm were selected. These 116 F6 panicles descended from 61 different F5 plants. Of 
the 61 plants, 33 had only one F6 descendant, 13 had two, 7 had three, 6 had four, 1 had five, 
and 1 had seven. Modified and opaque kernels within each of the 116 panicles were 
separately measured for 100-kernel weight and analyzed for protein and lysine 
concentrations. Analysis of variance for vitreous score, 100-kernel weight, percent protein, 
lysine percent of protein, and lysine percent of sample were performed on these Puerto 
Rico selections. Duplicate samples of 116 selected modified endosperm types along with 
their opaque sister lines were planted in paired single-row plots (F7 generation) at Lafayette 
in 1978 summer. Rows were 0.75 m apart and 5.5 m long. Ten plants were selfed in each of 
the 232 (= 116 x 2) rows. Variables observed on individual plants and analyzed on plot-
mean basis for this unreplicated trial were days to flowering from date of planting, plant 
height in centimeters, grain yield in grams per square meter, grain yield in grams per 
panicle, and threshing percentage. Selfed seed from individual plants was observed for 
vitreous score, and the 14 best modified families of the 116 modified counterparts were 
selected. The selfed seed of individual plants of those families were further observed for 
100-kernel weight, percent protein, and lysine as percent of protein to measure degree of 
kernel modification. Six low lysine selections, presumably representing normal endosperm 
type misclassified as high lysine selections in Puerto Rico in 1977 - probably because of 
immature kernels, were eliminated. The remaining eight modified families were compared 
with their opaque counterpart for these same three characters and for grain yield, grain 
yield per panicle, protein yield, and lysine yield. 
Scorin!: system. Vitreous scores corresponding to various degrees of endosperm 
modification, as observed by use of a white translucent plate of glass lighted underneath, 
were: 
1. Translucent endosperm that is normal or nearly indistinguishable from normal. 
2. A SO:SO (translucent:opaque) phenotype with top part translucent (an attribute of 
vitreousness) and the base opaque, or any distribution where the translucent portion 
covers at least one-half of the kernel. 
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3. 
4. 
5. 
Sectored type where the translucence is irregularly distributed over the predominately 
opaque kernel. 
Diffuse types where there is a slight shade of translucence in an otherwise opaque 
kernel. 
Opaque kernel with no trace of translucence. 
Percent vitreousness for each modified entry was determined by 
Percent = No. of plants (or panicles) with vitreous score 1. 2. 3. or 4 
vitreousness Total number of plants in the row 
It was one measure of degree of kernel modification. 
Laboratoty analyses. About 20 to 30 kernels were prepared for protein and lysine 
determinations by grinding the whole kernel samples. Samples were defatted and total 
nitrogen determined by micro-KjeldahI. Percent protein (crude protein) was calculated by 
multiplying nitrogen concentration by 6.25 to give protein as percent of sample. Lysine was 
determined by ion exchange column chromatography following acid hydrolysis and was 
expressed as lysine as percent of protein and as lysine as percent of sample. Protein and 
lysine yields in grams per square meter were calculated by multiplying the percent protein 
and lysine as percent of sample by the grain yield in grams per square meter, respectively. 
Results and Discussion. Approach I - Chemical mutagenesis. Efficacy of mutagen. 
Although no actual measurement of mutation frequency was made, a large number of 
albino seedlings was observed among Ml plants from the treated seeds. Sectoring for leaf 
tissue pigmentation also occurred at a hIgh frequency in mature M 1 plants. Both the 
sectonng and the complete absence of chlorophyll pigments were presumed to be the result 
of mutations affecting chlorophyll synthesis in tissue derived from mutated meristem cells. 
The high frequency of albino seedlings and the presence of sectored plants in the M 1 
generation (plants from treated seeds) provided evidence that the mutagen treatment was 
effective. 
Reversion to wild we. Screening of seeds harvested from 10 random heads in each of the 
M2, M3' and M4 progeny rows indicated that there was considerable segregation for kernel 
plienotype (opaque vs. vitreous) in most of the heads. In addition, heads with homogeneous 
0faque kernels as well as a high frequency of opaque kernels were obtained in rows planted 
o vitreous kernels. At the MS' only heads with all vitreous kernels and/or heads with distinctly vitreous kernels were analyzed for percent protein and lysine concentration. A 
large number of these MS selections as well as most of the selections with vitreous 
endosperm characters tested at the earlier (M2' M3, M4) generations had lysine, as percentage of protein, equivalent to normal sorghums «2.5%). For example, over 90% of 
the selections with vitreous kernels analyzed at the M5 generation showed lysine 
concentrations of less than 2.S% of protein. Moreover, of 4970 vitreous endosperm kernels 
among the putative mutants identified at the M2' and subjected to routine kernel inspection 
of each head along with chemical evaluation over a period of five generations (M2' M3• M4, MS' and M6)' only 23 M6 groups showed the desired combination of vitreous endOsperm 
ana high lysme concentration. Phenotypic expression (degree of kernel vitreousness) also 
varied with environments and/or location in some putative mutants. But the parental lines 
P-721 opaque and P-721 normal bred true for both kernel phenotype and lysine content at 
each generation. A large number of selections also produced vitreous kernels every year 
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when planted both in West Lafayette and in the Winter Nursery in Puerto Rico. However, 
the lysine concentration in these mutants was as low as the wild type sorghum lines. No 
indication of contamination was detected from segregation for other agronomic 
characteristics during subsequent generations. Most of the progenies had good stands of 
uniform plants with similar height and maturity. Extreme care was taken every year to bag 
heads early before onset of flowering, and to rogue ''volunteer'' plants in the field. The only 
plausible explanation for such a large number of wild type revertants is that treatment of P-
721 opaque with DES may have induced mutations in some other loci that modified the 
expression of the P-721 opaque gene; the net result being vitreous endosperm mutants with 
lysine values as low as normal (low lysine) sorghum varieties. The reversion to wild type 
phenotype (vitreous endosperm and low lysine concentration) of these mutants is probably 
not a true reversal of the primary genetic event (a rare occurrence) but may be due to an 
additional mutation somewhere else in the genome masking the expression of the primary 
mutation, P-721 opaque. Such a phenomenon, su~~ressor mutation, in which a second 
nonallelic mutation modifies the phenotypic effects of a given mutant have been described 
in barley (Hordeum vuliare L). Tuleen (1967) reported a high frequency of a suppressor 
mutation that restored the wild type phenotype in yellow virescent (~) barley irradiated 
with x-rays or treated with EMS. 
Evaluation of elite M4 mutants: The main problem against possible identification and 
isolation of heritable vitreous endosperm, high lysine types was the prevalence of instability 
in kernel phenotype and lysine concentration. Even as late as the M6 generation, individual 
heads harvested from a row planted with a high lysine vitreous selectIon showed variation in 
kernel phenotype and lysine concentration among some of the progeny. Often, heads with 
opaque kernels were harvested in rows planted of carefully selected vitreous kernels. Data 
in Table 1 illustrate the lack of stability in lysine concentration and kernel phenotype of high 
lysine, vitreous endosperm mutants selected at the M4. Of the thirteen entries identified at 
the M4 as being elite, nine were discarded by the M6 generation on the basis of kernel 
phenotype or level of lysine concentration. Four of these entries (4930, 3625, 3789, and 
4311) were dropped by M6 because all heads harvested from these rows were completely 
opaque. On the other hane five entries 3752, 4207, 5026, 3953, 5458 had 10 to 40% of the 
heads with homogeneous vitreous or high frequency of vitreous kernels, but the lysine 
concentration in these kernels also dropped to the level of normal (low lysine) sorghum. 
Table 1. Protein and lysine concentration of whole kernel, vitreous, and opaque 
progenies from a red-leaf mutant 5279 and two normal, green-leaf P-721 lines. 
Lysine 
Kernel Protein %of %of 
Mutant phenotype % protein sample 
5279-1 vitreous 20.9 1.37 0.286 
opaque 20.6 1.53 0.315 
5279-2 vitreous 24.5 1.32 0.323 
opaque 23.7 1.54 0.365 
P-721 (parental) opaque 13.4 2.96 0.397 
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Because of the large quantity of material handled in each generation, complete 
screening for kernel phenotype and chemical evaluation of all progenies was not possible. A 
decision was made at the M5 to identify ~he best tw<;> mutants on th~ basis of.early 
generation data, and conduct an exhaustIve evaluatIOn on all of theIr progemes. Mutants 
5589 and 5279 were chosen and a total of 100 individual progenies were analyzed for protein 
and lysine. Vitreous endosperm progenies with low percent protein and low lysine 
concentration were obtained from both sources. However, some vitreous endosperm 
progenies with greater than 14% protein and 2.70% lysine as percent of protein were 
isolated from mutant 5589. Most of the samples from progenies of mutant 5279, on the 
other hand, were found to be very high in protein (20 to 28% protein). Repeated analyses 
of these samples and of seed from their progenies confirmed the high protein levels in this 
mutant and progenies derived from it. This unusually high protein concentration in the 
grains of this mutant along with the unique orange-red leaf color phenotypes were observed 
in progenies of mutant 5279 (Table 1). 
In addition to mutants 5589 and 5279 that were extensively evaluated at the M5' two 
other mutants, 5458 and 0226 also showed some stability in kernel phenotype, percentage of 
heads with vitreous seeds, and lysine concentration (Table 2). Kernel weight, percent 
protein and lysine concentration of these relatively stable vitreous endosperm high lysine 
mutants as contrasted with P-721 opaque and P-721 normal are shown in Table 3. Mutant 
5589 was determined to be an elite mutant. Analysis of 14 different head samples from 
progenies of 5589 showed that on the average, it is 22% higher in kernel weight, 15% higher 
In percent protein, but only 3% lower in lysine than P-721 opaque. The other three elite 
mutants (5458, 0226, and 5279) showed lower lysine concentration and higher kernel weight 
than P-721 opaque. 
Data in Table 4 present three-generation evaluations on selected progenies of 
mutant 5589. This mutant was identified as an elite M4 selection, hence only one value was 
reported at that generation. Although this mutant is probably the most stable of all the 
mutants evaluated, data in Table 4 revealed that even this mutant exhibited some 
breakdown in its expression at the MS' The M5 seed was harvested from a planting at West 
Lafayette, where it is normally more difficult to get good expression of vitreousness, possibly 
because of cool temperature during grain development and preharvest weathering. This 
may be the obvious explanation for opaque kernel expression observed for entries 8, 9, and 
10 (Table 4). Nevertheless, progenies of 5589 evaluated at the M6 generation (Table 4) 
showed that this mutant has the desired combination of vitreous endosperm and high lysine 
concentration. It should also be noted that vitreous kernels randomly selected from heads 
segregating for opaque kernels produced all vitreous M6 seeds. 
Mean 100-kernel weight, percent protein and lysine concentration of Mt) derivatives 
generated from selected progenies of mutant 5589 are shown in Table 5. The data support 
the conclusion that mutant 5589 is the most stable of the thirteen elite vitreous, high lysine 
selections identified at the M4' 
Approach II - Conventional breedinK. Highly significant differences were found between 
modified and opaque kernel phenotypes or sib lines within F 5-derived groups for all 
variables analyzed except days to flowering and plant height. Differences for those variables 
observed in Puerto Rico at the F6 may be in part environmental or developmental, because 
the observations were made on the separated seed itself. However, for those variables 
observed in Lafayette the next season real genetic differences appear to exist between 
modified and opaque kernels. 
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Although genetic differences appear to exist between modified and opaque 
phenotypes for several variables, frequency distnbutions of vitreous scores of selfed seed of 
about 10 plants within the modified sIster line in each of eight selected families out of 116 
show considerable variation in the degrees of kernel modifications (Table 6). From the 
frequency distributions and general observations regarding type and degree of modification, 
it appears that the selected lines may vary for a number of modifying genes influencing the 
expression of the P-721 opaque gene. Over 50% of the panicles had kernels with vitreous 
scores of 2 or 3 (22 + 23 out of 79 plants). 
Table 2. Stability in lysine concentration and kernel phenotypes of mutants selected as 
vitreous high lysine. 
Mutant 
5589 
5279 
5458 
0226 
P-721 normal 
Mean 
Lysine Cone. (g/loo g protein) 
Percent heads with 
vitreous kernels 
M3 M4 M5+ M6 
2.60 
2.36 
2.87 
N.A 
1.85 
(2.42) 
------------------ % ------------------
2.73 2.70 2.62 100 94 
2.69 1.48 1.57 74 82 
2.54 N.A 3.34 100 40 
2.62 N.A 2.60 36 20 
1.80 1.90 2.03 100 100 
2.48 (2.03) 2.43 82 67 
+ N.A = not analyzed. 
Table 3. Comparison of mean percent protein, lysine concentration and kernel weight 
among M6 progenies of stable M4-derived, vitreous mutants and parental lines (P-721 opaque and P-721 normal). 
100 Lysine 
Heads Kernel 
Mutant sampled weight Protein Protein Lysine 
No. --g-
------------- % -------------
5589 14 2.52 15.4 2.83 0.431 
5458 8 2.12 13.7 3.34 0.457 
0226 1 2.49 9.1 2.60 0.237 
5279 5 2.32 20.1 1.57 0.316 
P-721 opaque 9 2.07 13.4 2.92 0.391 
P-721 normal 6 2.46 12.1 1.88 0.227 
Mean 2.33 12.3 2.52 0.343 
SE ±0.006 ±4.06 ±0.075 ±0.002 
Table 4. 
Selection 
003 
005 
006 
007 
008 
009 
010 
Mean 
SE 
Stability in kernel phenotype and chemical composition of the elite high lysine derived 
mutant, 5589, grown in Puerto Rico and West Lafayette. 
M4 (West Lafayette) M5 (Puerto Rico) M6 (West Lafayette) 
Kernel Kernel Kernel 
phenotype Lysine phenotype Protein Lysine phenotype Protein Lysine 
% % - % -
Vitreous 2.73 Vitreous 14.0 2.70 Vitreous 17 .2 2.62 
, 
Vitreous 2.73 Vitreous 15.2 l.84 Vitreous 12.6 3.62 
Vitreous 2.73 Vitreous 16.3 2.01 Vitreous 16.3 2.60 
Vitreous 2.73 Vitreous 16.4 l.88 Vitreous 17 .8 2.76 
Vitreous 2.73 Opaque 16.6 2.82 Vitreous 15.7 2.63 
Vitreous 2.73 Opaque 17.3 2.63 Vitreous 12.4 2.87 
Vitreous 2.73 Opaque 17.1 2.65 Vitreous 15.5 2.74 
2.73 16.1 2.36 15.3 2.83 
±0.191 ±0.026 ±0.637 ±0.018 
f-' 
W 
*"" 
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Table 5. Percent protein, lysine concentration and 100-kernel weight of M6 sub lines 
derived from a stable M4 mutant, No. 5589. 
Selection 
no. 
003 
005 
006 
007 
008 
009 
OlD 
Mean 
SE 
Heads 
sampled 
No. 
3 
1 
1 
2 
1 
5 
1 
100 
Kernel 
weight 
-g--
2.58 
2.37 
2.62 
2.64 
2.68 
2.65 
2.11 
2.52 
±0.006 
Lysine 
Protein Protein Lysine 
------------- % -------------
17.2 2.62 0.451 
12.6 3.62 0.456 
16.3 2.60 0.424 
17.8 2.76 0.491 
15.7 2.63 0.413 
12.4 2.87 0.356 
15.5 2.74 0.425 
15.4 2.83 0.431 
±0.637 ±0.018 ±0.0003 
Table 6. Frequency distribution of vitreous scores of F 7 plants, their mean, and percent 
vitreousness for eight modified endosperm F r:erived selections from P -721 
opaque derived breeding materials grown at fayette in 1978. 
Vitreous score 
Selection Percent 
number 1 2 3 4 5 Mean vitreousness 
01023 1 1 5 3 3.0 100 
03014 3 6 1 2.9 90 
03016 3 1 1 5 3.8 50 
03024 2 2 2 4 3.8 60 
03039 3 3 2 2 3.3 80 
04045 2 3 4 1 3.4 90 
04049 4 3 1 2 2.9 80 
04055 4 2 3 3.4 67 
TGtal 1 22 23 15 18 
The relation in kernel characteristics from one generation to the next for the eight 
selected lines is shown in the 2-year data on vitreous score, 100-kernel weight, percent 
protein, and lysine percent of protein (Table 7). Correlation coefficients for vitreous score, 
100-kernel weight, and lysine percent of protein between F6 and F7 data show that the 
values are positively correlated, suggesting a relation between the 2 years for the variables 
tested. Most of the selected families showed consistent scores in all the characteristics 
across the 2 years. The data illustrate that lines with heritable modifier genes or gene 
interactions have been isolated, and there is some variation among them for kernel 
vitreous ness, l00-kernel weight, percent protein, and lysine percent of protein. 
Table 7. 
Selection 
Number 
01023 
03014 
03016 
03024 
03039 
04045 
04040 
04055 
Mean 
r 
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Parent-offspring relation of sele<:ted modifie.d e,?dosperm, high lysi!le P-721 
derivatives of F7 seed produced 10 Puerto RIco 10 1977 and grown 10 Lafayette 
in 1978. 
100-kernel Lysine percent 
Vitreous score weight Percent protein of protein 
1977 1978 1977 1978 1977 1978 1977 1978 
--lt05--
- - g -- - - % -- - - % --
2 3.0 3.57 2.91 11.2 12.7 2.59 2.62 
3 2.9 2.77 2.64 10.5 10.8 2.52 2.71 
3 3.8 3.31 2.47 11.3 11.9 2.52 2.79 
3 3.8 3.23 2.79 12.3 11.7 2.52 2.76 
2 3.2 2.89 2.56 9.9 11.1 2.81 2.73 
3 3.4 2.94 2.58 9.8 10.8 2.81 2.95 
3 3.1 2.35 2.43 8.7 10.7 2.68 2.86 
2 3.1 2.58 2.08 11.8 10.7 2.66 2.73 
----
2.6 3.3 2.955 2.558 10.69 11.30 2.639 2.769 
0.446 0.698 0.486 0.466 
P(/rl»obsr) 0.268 0.054 0.222 0.245 
Significant differences were observed between modified and opaque F6-derived 
counterparts of the eight best families grown in generation 7 for 100-kernel weight, grain 
yield, grain yield per panicle, and percent protein (Table 8). The means of modified and 
opaque lines are presented in Table 9. The 100-kernel weight, grain yield, and grain yield 
per panicle revealed a consistent advantage of the modified selections over the opaques. 
The eight modified endosperm selections displayed an overall improvement of 15% in 100-
kernel weight, 13% in grain yield, and a modest 7% increase in grain yield per panicle over 
their opaque sister lines. Increases up to 33% in 100-kernel weight, 30% in grain yield, and 
21 % in grain yield per panicle were obtained for individual modified selections. 
On the average the percent protein of the modified selections was 88% of the 
opaque (Table 9). Selected modified lines were consistently lower in protein concentration 
than their opaque counterparts. Porter (1977) also reported similar differences in percent 
protein between vitreous and opaque sorghum lines in diethyl sulfate induced high lysine 
vitreous selections. There is no apparent explanation for vitreous high lysine types to have 
lower percent protein than opaque high lysine sib lines. Vitreous kernels were expected to 
be higher in percent protein than opaques, because the vitreous portion of sorghum 
endosperm is higher in total protein than the opaque portion (Seckinger and Wolf, 1973). 
In maize, modified opaque-2 selections involving polygenic modifier systems were found to 
be higher in percent protein (Vasal, 1975; L.F. Bauman, P.L. Crane, D.V. Glover, and E.T. 
Mertz, 1976, The inheritance and improvement of protein quality and content in maize. 
Ann. Rep. Contract csd/2809, Agency for International Development, Washington, D.C.), or 
relatively unaffected in the recently identified single dominant modifier gene of the opaque-
2 locus (Tietz, 1978). 
The average lysine value of the eight modified selections was 2.77% lysine as percent 
of protein compared to 2.83% for the opaque counterparts (Table 9). Protein and lysine 
yields were 99 and 96%, respectively, compared to the corresponding opaque sib lines 
Table 8. Mean squares for several variables measured on modified and opaque lines of eight best F6-derived 
families in F7 generation grown in Lafayette in 1978. 
Mean square 
100-kerne1 Grain Grain yield Percent Lysine percent Protein 
Source of variation df weight yield per panicle protein of protein yield 
g g m- 2 g panic1e- 1 % % g m- 2 
Lines 7 0.1606 5,307.29 175.1513 1. 5500 0.015978 114.4668 
Modified vs. opaque 1 0.3221** 8,742.25** 62.8056 9.6100** 0.016256 2.3225 
Lines x 
modified vs. opaque 7 0.0218 609.11 11.9499 0.2100 0.008171 5.2354 
* , ** Significant at 0.10 and 0.01 probability levels, respectively. 
Lines were not tested. 
Lysine 
yield 
g m- 2 
0.0972 
0.0100 
0.0095 
I-' 
W 
-..] 
Table 9. Means of modified and opaque lines of the eight best families in F7 generation 
grown in Lafayette In 1978. 
Source of 100-kernel Grain Grain yield Percent Lysine percent Protein Lysine 
variation weight yield per panicle protein of protein yield yield 
g g m- 2 g panicle- l % % g m- 2 g m- 2 
Modified 2.56 410.12 59.0 11.30 2.77 46.38 1.270 
Opaque 2.27 363.38 55.0 12.85 2.83 46.95 1.320 
Modified: opaque l.13 l.13 l.07 0.88 0.98 0.99 0.96 
..... 
w 
00 
(Table 9). Two of eight modified endosperm selections exceeded the opaque for both 
protein and lysine yields, and another two for only lysine yield. 
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As vitreous scores increased, 100-kernel weight appeared to decrease, and percent 
protein and lysine percent of protein increased (Table 10). The only discrepancy in the 
trends described was the high level of percent protein for the one plant with vitreous score 
1. 
The trend in 100-kernel weight associated with kernel modification was very 
encouraging. This should suggest, along with data on lysine percent of {'rotein (Table 9), 
that it is possible to select modified endosperm, high lysine types with VItreous kernels as 
good as normal types. Modifier genes of the P-721 opaque locus do not only improve kernel 
weight and kernel appearance, but as in com, selection for modified endosperm may be an 
effective means of alleviating the problems such as weathering, susceptibility to storage 
insects, and yield reduction commonly associated with opaque high lysine varieties. 
Table 10. Mean 1OO-kernel weight, percent protein, and lysine percent of protein for 
vitreous scores of eight modified endosperm selections in Lafayette in 1978 .. 
Vitreous Number 100-kernel Percent Lysine percent 
score of plants weight protein of protein 
g % % 
1 (most vitreous) 1 3.43 13.30 1.97 
2 22 2.70 10.02 2.69 
3 23 2.71 10.95 2.71 
4 15 2.61 12.02 2.80 
5 (opaque) 18 2.42 13.60 2.84 
It is encouraging that after just one cycle of selection and evaluation, some highly 
modified types could be isolated. This is in contrast to selection for modifier genes in maize 
where perpetuation of the modifier genes in random mating populations has been relatively 
easy, but isolating stable modified opaque-2 types has been more difficult (Bauman and 
Mertz, 1972; Vasal, 1974). In addition to the pollinating difference between sorghum and 
maize, the breeding procedure in this study is uniquely different from that routinely utilized 
by opaque-2 maize breeders to develop modified endosperm high lysine types. In this study 
advanced breeding material, FS' F6' and F1' from crosses ofP-721 opaque to diverse lines 
was used to select for vitreous types with hIgh lysine. Hence a modified endosperm type 
identified at such a late stage of breeding could be directly utilizable as a pure line variety. 
Conclusions. In general, the results reported herein suggest that selection for high lysine 
sorghum types with modified endosperm deviating from opaque, was effective in crosses 
derived from P-721 opaque with diverse sources of normal sorghum types. Modified 
endosperm types have been identified. Differences between self-pollinated progeny 
generated from modified and opaque kernels selected from the same panicle showed that 
this trait was indeed heritable. The opaque kernels generally yielded plants that produced 
completely opaque heads. The modified opaque kernels yielded plants that produced either 
completely modified panicles or panicles that were segregating for high frequency of 
modified kernels. The phenotypIC expression of the vitreousness (degree of modification) 
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seems to vary among selected types, probably depending on genetic backgrounds. The 
expression of the modification in the selected groups was heritable from one generation to 
the next. However, some observations suggest that modifiers give kernels that vary in 
degree of vitreousness from generation to gc::neration, suggesting influence of environment 
on the modifier genes. It is somewhat difficult to understand that differences existed 
between plants from modified and opaque kernels obtained from the same panicle in a 
relatively advanced selfed generation (F 6), and that varying degree of kernel modification 
continue to arise from one generation to the next, even when well developed, completely 
modified kernels were planted. 
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Abstract. Opaque-2 (02) is a mutation of one of the regulatory loci that control storage 
protein gene expression in maize endosperm. It results in a drastic reduction in the 
prolamine content of the seed, which impacts on the nutritional quality. The soft 
endosperm associated with this mutation is probably a consequence of the low amounts of 
these proteins, although the relationship between the reduction in prolamine content and 
this phenotype is not well understood. Quality Protein Maize (QPM) seeds are opaque-2 
genotypes with a high frequency of "modifier genes" that confer a normal, vitreous 
phenotype to the endosperm, while maintaining high levels of lysine and tryptophan in the 
protein. As in the soft endosperm opaque-2 mutant, the improved nutritional quality of 
QPM genotypes is due to a higher percentage of th~ non-zein fraction which is nutritionally 
more balanced than the zein proteins. However, the storage protein of QPM contains a 
pronounced increase in the amount of the Mr 27,000 gamma-zein as compared to normal, 
unmodified, opaque-2 genotypes. The synthesis of this protein is not regulated by the 
opaque-2 (02) loci. Our studies with normal, soft endosperm opaque-2, and opaque-2 QPM 
genotypes, individually and in combination, suggest that there may be a relationship 
between the high synthesis of this zein protein (Mr 27,000) and modification of kernel 
structure in mutant genotypes. 
Introduction. Seeds provide one of the richest sources of protein for human and livestock. 
Because of their importance, much research has been devoted to seed storage proteins and 
their relationship with nutritional quality. The major storage proteins in most cereals are 
alcohol-soluble prolamines that have a high content of proline and glutamine and low levels 
of charged amino acids, such as lysine. The low lysine and tryptophan content is primarily 
responsible for the poor nutritional quality of the storage proteins of the cereals. 
Several maize endosperm mutants that reduce prolamine synthesis and increase 
nutritional quality have been identified. Opaque-2 is the most important and the most 
widely studied among them. However, the ability of this mutation to upgrade protein quality 
in maize endosperm is accompanied by'undesirable agronomic attributes, like soft and 
chalky endosperm texture (Fig. 1), lower yield, and increased seed susceptibility to 
pathogens, among others. 
The Intern~tional Maize and Wheat Improvement Center, (CIMMYT), developed 
an extensive breedmg program to overcome the deficiencies associated with the opaque-2 
phenotype. Their breeding program was based on the use of the opaque-2 gene for 
improving the protein quality, and opaque-2 "modifiers" for improving kernel phenotype 
aI?-d other defects ass.ociated with the opaque-2 mutation. Through backcrossing combined 
WIth recurrent selectIOn, CIMMYT breeders converted several normal genotypes into hard-
endosperm opaque-2 varieties now known as Quality Protein Maize or QPM. 
Figure 1. Variation in endosperm texture of kernels from the inbred line W64A (right) 
and its opaque-2 near isogenic version (left). Kernels were cut in half and 
photographed from the top. 
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The opaque-2 mutation results in a drastic reduction in storage protein content of 
the seeds. The opacity of the kernel appears to be a consequenc~ of the low amounts of 
these proteins, although the relationships between these pro~ertles are. not well und~rstood. 
The substantial progress in devel?ping. QPM germp~asm an~ Its pote~tlal advantage m 
human nutrition and animal feedmg stImulated our mt~rest m analyzm~ the ~ole of the 
"modifier genes" on opaque-2 mutants and understandmg how the modification of the 
endosperm is effected, especially at the protein level. 
ua i otei i ch ical com ositio . Despite its importance, there are few reports 
about the chemical composition of uality Protein Maize genotypes (Ortega and Bates, 
1983; Sproule, 1985· Ortega et al. 1986; Mertz, 1986; Sproule et a1. 1988; Ortega et al. 1988). 
According to Orteg~ and Bates (1983), there are few biochemical studies of hard-
endosperm ~-2, and those published contain several contradictory findings. These 
authors investigated the agronomic and biochemical changes occurring in endosperm 
protein components as a result of modifier gene action over several cycles of selection. 
Protein fractionation studies using the Landry-Moureaux procedure revealed that the 
proteins in fraction I (albumins, globulins, and soluble nitrogen) decreased, whereas fraction 
III (zein-like) components increased parallel with cycles of selection. The diagnostic 
characteristic of the modified, hard-endosperm opague-2 structure is the high concentration 
of the "zein-like" components, which increased as endosperm hardness was improved 
through selection. No detectable qualitative changes in components of any protein fraction 
occurred during cycles of selection. 
Ortega et al. (1986) investigated these protein fractions and protein quality changes 
that occurred during the different stages of tortilla making and the differences in lysine and 
tryptophan content between QPM and its normal maize counterpart. Tortillas made from 
QPM had a superior amino acid composition, mainly because of their high lysine and 
tryptophan content. 
Sproule (1985) and Sproule et a1. (1988) reported a nutritional evaluation of tortillas 
and tortilla chips made from food grade maize (FGM) and Quality Protein Maize (QPM). 
Tortillas and tortilla chips with acceptable quality and a 50% improvement in nutritional 
value were made from QPM compared to FGM. QPM contained twice as much lysine, 
tryptophan, and albumins plus globulins as FGM. The improvement in the essential amino 
acid composition was clearly reflected by rat feeding experiments. Rats fed with QPM 
gained at least twice as much weight as those on FGM and consequently had improved 
feed/gain ratios. 
Ortega et al. (1988) investigated the nutritional benefit at the "green stage" and the 
effect of genetic modifiers on kernel development of QPM as compared with normal maize. 
Ears froll?- tJu:ee normal and three QPM populatio~s wer~ sampled at 14, 21, 28, and 35 days 
after pollmatlon and at harvest. The greater protem qualIty of QPM was evident from its 
higher tryptophan and lysine content and its in vitro digestibility, which was equal to that of 
normal maize. QPM was also similar to normal maize in dry matter accumulation and 
kernel density. Protein.fractionation in two populations through the various stages of 
devel.opment show~d dlff~re~ce~ betwee~ QPM and normal maize in the protein patterns 
(partl~ularly .for zem and zem-h~e" fra~tlOns). ~e electrophoretic pattern of those two 
protem fractions revealed only mmor dIfferences m QPM and normal maize through kernel 
development. 
Gen?netta et al. (~975) reported the results of protein fractionation, tryptophan 
~nalyses, ze';D heterogeneltr and cytological observations on 46 modified opague-2 strains 
Isolated dunng the conversIOn to opaque-2 of 350 normal inbreds and 15 Italian varieties 
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and compared them with normal and opague-2 standard materials. The protein content, 
protein distnbution (based on solubility), and tryptophan content were closer to the opaque 
standards than to the normal values. Only the fraction G1 ("zein-like") behaved in a 
different way, with a higher percentage present in the modified strains than in the normal or 
opaque parents. The authors pointed out that an acceptable degree of kernel texture would 
require an endosperm prolamm content of 30-35% of the total proteins. 
Hard-endosperm QJH!!l!!£.-2 strains were compared with chalky and normal maize 
hybrids by Gupta et al. (1977). Differences between chalky and hard endosperm types in 
protein and tryptophan content were not significant; however, there were significant 
differences between the two in lysine content. Protein, lysine, and tryptophan content of 
opague-2 were significantly higher than in the normal genotypes. 
Sung (1984) studied seven unmodified and four modified ~-2 lines, as well as 
their crosses, with respect to endosperm modification, kernel density, protein content, lysine 
to protein ratio, zein pattern and free amino acid content. Seeds of the F1's and reciprocals 
showed differences in degree of modification, zein and free amino acid contents. Results 
from comparing individual inbreds, Fl's and reciprocal crosses indicated that, in addition to 
dosage effects, xenia effects can also exist in modified QJ2fl!JJJ:J:.-2 material. 
S"pecific protein modifications in hard-endosperm opague-2 maize. Fractionation 
procedures. Several studies have been undertaken in our laboratory to compare the storage 
protein compositions of modified Qpague-2 (QPM), typical (unmodified) opaque-2, and 
normal maize varieties. Since the most pronounced biochemical change in unmodified 
QJ2fl!JJJ:J:.-2 maize is a significant (approximately 50%) reduction in the amounts of alpha- and 
beta-zeins (Tsai et al. 1978), the opaque phenotype of this mutant may be a consequence of 
the low amount of these proteins. 
To analyze protein composition of various maize genotypes, quantitative methods for 
their extraction and measurement are needed. The lack of extraction procedures to 
fractionate maize proteins into fewer solubility fractions with distinct properties has been 
one of the major problems in high quality maize development. Breeding programs need 
such information to screen the numerous genotypes arising during selection. 
The most used extraction procedures (Esen, 1986; Wilson et al. 1981; Landry and 
Moureaux, 1970) are all based on sequential solubilization of zeins with or~anic solvents. 
However, it has been difficult to compare the protein patterns obtained usmg the different 
fractionation methods. Some zein polypeptides are not soluble in aqueous alcohol because 
they form polymers stabilized by inter-chain disulfide bonds. Once the disulfide bonds are 
reduced, the polypeptides are soluble and can be extracted in aqueous alcohol. In general, 
these procedures suffer two limitations: i) extraction of zeins into multiple fractions; ii) 
depending on the presence or absence of reducing agents, various proteins mayor may not 
be extracted by the same solvent. This has led to a complex nomenclature for maize 
endosperm proteins (Wallace et al. 1990a). 
Wallace et al. (l990a) and Ludevid et al. (1984), reported that the traditional 
extraction procedures for maize proteins have little quantitative meaning. This is especially 
the case for the gamma-zein proteins, a cysteine-rich fraction that requires reduction to be 
solubilized. Other reports have shown that the Landry and Moureaux (1970) procedure 
does not always lead to the isolation of well-delineated protein fractions due to cross 
contamination (Landry and Moureaux, 1980). 
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The total protein of maize may be divided in two distinct fractions: zeins, which lack 
the essential amino acids lysine and tryptophan, and non-zeins or alcohol-insoluble proteins 
(albumins, globulins and glutelins) which are a good source of them. Since variation in 
maize protein quality results from differences in the amounts of these protein fractions 
(Landry and Moureaux, 1982; Sodek and Wilson, 1971), their quantitation provides a good 
index of quality that can replace expensive and time-consuming amino acid analyses (Lopes 
and Larkins, in preparation). 
Wallace et al. (l990a) reported an extraction method based on complete 
solubilization of endosJ>C?rm proteins in an alkaline buffer containing 2-mercaptoethanol and 
SDS, followed by preCIpitation of non-zein proteins by addition of ethanol to 70% (Fig. 2). 
This rapid and sunple method takes advantage of the solubility of all maize storage proteins 
in aqueous alcohol following extraction with high-pH buffer in the presence of reducing and 
denaturin~ agents. Since all of the zein and non-zein proteins can be quantitatively obtained 
in two distinct solubility fractions, their analysis is greatly simplified. 
Figure 2. Extraction method for zein and non-zein proteins. 
ENDOSPERM FLOUR 
BORATE BUFFER, 1 % SDS, 2% 2-ME 
(1:30 TO 1:50 FLOUR TO EXTRACTION BUFFER) 
EXTRACT, 37°C, ON, WITH SHAKING 
TOTAL PROTEIN EXTRACT 
ADD ABSOLUTE ETHANOL TO 70% CONCENTRATION 
MIX WELL AND INCUBATE AT 3~C FOR 30 MIN., SPIN 
SUPERNATANT 
(TOTAL ZEINS) PELLET (NON-ZEINS) 
SDS-PAGEANALYSIS 
WESTERN BLOTS 
ELISA 
PROTEIN ANALYSIS 
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Zeins can be resolved by this extraction procedure into polypeptides with apparent 
Mr of 58,000,27,000,22,000, 19,000, 16,000, 14,000, 12,000 and 10,000 (Wallace et al. 199Oa; 
LOpes and Larkins, 1990). In contrast to traditional fractionation procedures, two 
additional alcohol-soluble polypeptides of M.. 58,000 and 12,000 are obtained. Vitale et al. 
(1982) and Ludevid et al. (1984) reported an'Mr 58,000 polypeptide as one of the major 
components obtained from isolated protein bodies extracted in aqueous buffer with the 
reducing agent dithiothreitol (DIT). The Mr 58,000 polypeptide cross-reacts with 
polyclonal antIbodies against the M[ 27,000 gamma-zein, suggesting that it may be a dimer 
of this polypeptide (Lopes and LarKins, 1990). The M...I..!2,OOO alcohol-soluble polypeptide 
has an amino acid composition like that ofthe Mr 27,uuu gamma-zein; it can also be 
extracted from isolated protein bodies (Lopes ana Larkins, unpublished result). Pending 
further characterization, this polypeptide has been included in the gamma-zein class. 
To measure the relative amounts of the different zein classes in different maize 
genotypes, Wallace et al. (l990a) developed a quantitative ELISA assay for the alpha-, beta-
, and gamma-zeins. Many conditions for antigen and antibody binding were tested in order 
to obtain a linear relationship between antigen concentration and absorbance. Based on 
these reactions, calculation of relative antigen concentration (any zein subunit with available 
antibodies) for a given maize protein extract can be calculated from the slope of the 
adjusted dilution curve (Fig. 3). 
Endosperm modification and zein composition. Kernels from several QPM genotypes have 
translucent, vitreous endosperm like normal maize kernels (Wallace et al., 1990a; Lopes 
and Larkins, 1990). Although homozygous for the QJlJlflY&-2 gene, the various QPM 
varieties are easily distinguished from the unmodified ~-2 materials (Fig. 4 and 5). 
QPM and normal genotypes have similar kernel densities and are about 10% more dense 
than opague-2 maize (Table 1) (Lopes and Larkins, 1990). 
Table 1. Kernel density of normal, opaque-2 and quality protein maize genotypes 
Genotypes 
W64A+ 
OH43 + 
W22+ 
Blanco Dentado QPM 
White Flint QPM 
Pool 25 QPM 
Pool 33 QPM 
W64A02 
B7302 
W64Afl2 
Density 
(glml) 
1.118 
1.094 
1.115 
1.110 
1.158 
1.162 
1.160 
1.021 
1.008 
0.974 
Relative Density 
(%) 
100.00 
97.85 
99.73 
99.30 
103.58 
103.94 
103.76 
91.32 
90.16 
87.12 
The results presented are the averages of three tests made for each genotype. A 500 ml 
cylinder was placed on an electronic balance and the weight deducted. Grains were poured 
into the cylinder to 250 mark and the weight recorded. TIe cylinder was then filled with 
absolute ethanol (200 proof, density 0.78612 at room temperature) to 300 ml mark and the 
final weight recorded. Kernel density was calculated as g kernels/ml kernels and the relative 
density was calculated taking W64A + as a 100% standard. The calculations were made 
according to Kniep & Mason (1989): (g kernels + ethanol) - g kernels = g ethanol; g 
ethanol /0.78612 = ml kernels; g kernels/ml kernels = kernel density. The relative density 
was calculated taking W64A+ as a 100% standard. 
Figure 3. 
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Quantitation of alpha-, beta-, and gamma-zeins. ELISA assays were 
performed as described by Wallace et aI., (1990). For all assays, absorbance 
at 410 nm was graphed vs. relative antigen concentration. Regression analysis 
was performed on the region which formed a straight line; the slope of that 
line is proportional to relative antigen concentration. Results were 
normalized to those from extract from meal of the opaque-2 version of the 
inbred W64A (F), which was included in all assays. All results reported are 
averages of duplicate assays and did not differ from the mean by more than 
10%. A, population 64-Blanco Dentado-2 QPM; B, population 65-Yellow 
Flint QPM; C, population 66-Yellow Dent QPM; D, Pool 25 QPM; E, 
Templado Blanco Dentado QPM; F, W64A opaque-2; G, Poza Rica opaque-
2; H, B73 normal; I, W22 normal; J; W64A normal. 
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Phot6 of dissected kernels from aPM, opaque-2 and normal maize varieties. 
Each column represents one genotype and the kernels are shown in four 
different positions: a, kernels shown from top; b, kernels with the top 1-2 mm 
removed to show the internal soft region; c, the kernel cut transversely in half 
and viewed from the botton; d, the kernel cut longitudinally in half. aPM 
genotypes were kindly provided by Dr. Ricardo Magnavaca and Sidney 
Parentoni from CNPMSIEMBRAPA, Brazil: 1- Blanco Dentado-1 aPM; 2-
Blanco Dentado-2 aPM; 3- White Flint aPM; 4- Yellow Flint apM; 5-
Yellow Dent aPM; 6- Pool 25 aPM; 7- Pool 26 apM; 8- Blanco Cristalino 
aPM; 9- Amarillo Cristalino aPM; 10- La Posta aPM; 11- Obregon 7940 
apM; 12- Poza Rica 7940 apM; 13- Guanacaste 7940 aPM; 14- Templado 
Amarillo aPM; 15-Templado Amarillo, Population 70 aPM; 16- Pool 33 
apM; 17- Pool 34 aPM; 186- Amarillo del Bajio aPM; 197- Amarillo 
Subtropical apM; 20- Templado Blanco Dentado aPM; 21- Obregon 7941 
aPM; 22- Across 7941 apM; 23- San Jeronimo aPM. The opaque-2 
genotypes are represented by 24- W64A02; 25- OH4302; 26- Poza Rica 02; 
27- Mo1702; and the normal genotypes are: 28- W64A; 29- OH43; 30- B73; 
31- W22; 32- Mo17. 
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1 
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Total zein protein from several genotypes of maize. Equivalent extracts of 1 
mg of flour, obtained by the total zein extraction method described by 
Wallace et aI., (1990), were subjected to SDS-PAGE and stained with 
coomassie brilliant blue. Lane a, extract from population 63-Blanco Dentado-
1 QPM; b, population 64-Blanco Dentado-2 QPM; c, population 62-White 
Flint QPM; d, population 65-Yellow Flint QPM; e, population 66-Yellow 
Dent QPM; f, Pool 25 QPM; g, Pool 26 QPM; h, Blanco Cristalino QPM; i, 
Amarillo Cristalino QPM; j, La Posta QPM; k, Obregon 7940; 1, Poza Rica 
7940; m, Guanacaste 7940; n, population 69-Templado Amarillo QPM; 0, 
population 70-Templado Amarillo QPM; p, Pool 33 QPM; q, Pool 34 QPM; r, 
Amarillo del Bajio QPM; s, Amarillo Subtropical QPM; t, Templado Blaco 
Dentado QPM; u, Obregon 7941; w, San Jeronimo 7941; x, Tuxpeno normal; 
y, B73 normal; aa, W22 normal; bb, W64A normal; cc, W64A02; dd, 
W64Afl2; ee, W64Awx; ff, 0h43 normal; gg, Poza Rica 02. 
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Like typical opaque-2 genotypes, the QPM varieties have low levels of alpha- and 
beta-zeins in comparison to normal maize. They have two to four times the amount of the 
gamma-zein of either typical opaque-2 or normal maize lines (Wallace et a!. 1990a). The 
opaque-2 mutation does not affect expression of gamma-zein genes (Kodrzycki et a!. 1989; 
Perez-Grau et a!. 1986), so the "modifier genes" seem to act independently of the opaque-2 
locus. 
It remains to be established whether there is a connection between modification 
(vitreousness) and high gamma-zein contept. A r~cent analysis of recip~ocal crosses ?f 
QPM genotypes by unmodified opaque-2 mbred lmes demonstrated a dIrect correlatIon 
between vitreousness of the endosperm and content of gamma-zein. Similar relationships 
were observed when QPM genotypes were crossed into normal, flomy-2, and floury-2 
opaque-2 double mutants, as well as in F2 progenies segregating for the modified genotype 
(Lopes and Larkins, 1990). 
The M 27,000 gamma-zein is a prolamine that in many respects resembles gliadins 
of wheat and B-hordein of barley more closely than maize zeins (Prat et a!., 1985). Aside 
from these evolutionary relationships this storage protein is one of the most unusual 
components of the maize endosperm, especially in its primary structure (Esen et a!. 1982; 
Prat et a!. 1985), solubility, location in the protein body (Ludevid et a!., 1984; Lending et a!., 
1988; Lending and Larkins, 1989), and cross-linking ability (Lopes and Larkins 1990). Its 
tandem repeated sequence Pro-Pro-Pro-Val-His-Leu (Esen et a!., 1982) is similar to 
repetitive sequences of carrot extensin (Chen and Varner, 1985), a cell wall protein, and a 
putative extensin from maize (Stiefel et a!. 1988). The peripheral location of the M-f 27,000 
gamma-zein and M 14,000 beta-zein in the protein body (Lending and Larkins, 19~9; 
Lending et a!., 1988) suggests a structural function for this zein (Wallace et a!. 1989b). 
Relationships between the high expression of the gamma-zein protein and 
endosperm "modifier genes" are possible, and are potentially important to the 
understanding of the role of prolamines in defining physical properties of the maize kernel. 
The increase of this protein in QPM varieties, without specific selection for such a trait, is an 
impressive feature of the genetic system involved with the development of these genotypes. 
This makes the QPM system a useful tool for studies of differential expression of these 
proteins and their possible role in determining the structure of the maize endosperm. 
Like unmodified opaque-2 mutants, QPM genotypes have higher amounts of the 
non-zein protein fraction than normal genotypes. These non-zein proteins (albumins, 
globulins and glutelins) can be extracted as one fraction from maize endosperm using the 
method of Wallace et a!. (1990a). Since maize proteins can now be quantitatively separated 
and quantified in two distinct fractions whose balance determines the nutritional value of 
the total protein, the nutritional characterization of maize genotypes should be greatly 
simplified (Lopes and Larkins, in preparation). 
Concluding remarks. There are now excellent opportunities for plant breeders, geneticists 
and molecular biologists to work together to elucidate the regulation of the storage protein 
gene expression and the mechanism of "modifier genes" action in mutant genotypes. This 
will lead to an understanding of the coordinated expression of genes encoding storage and 
non-storage proteins and their relationships to nutritional quality. 
In the future breeders will develop commercial high-quality protein genotypes, 
possibly adopting more advanced procedures from the fields of molecular genetics and 
biochemistry. By integration of classical breeding, protein biochemistry, molecular cloning 
techniques, restriction fragment length polymorphism (RFLP) mapping, and genetic 
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engineering technologies, high quality protein maize may be made more easily utilizable in 
the near future. 
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APPLICATION OF BIOTECHNOLOGY FOR IMPROVING 
CEREAL PROTEIN QUALI1Y 
Brian A Larkins, Craig R. Lending, John C. Wallace, 
Gad Galili, and Mauricio A Lopes 
Department of Plant Sciences, University of Arizona, Tucson, AZ, 85721 
Abstract. Maize seed storage proteins, zeins, are a group of four structurally distinct 
proteins that are synthesized in the endosperm and aggr~gate into protein bodies within the 
rough endoplasmic reticulum. Three of these four protems, the beta-, gamma-, and delta-
zeins, are rich in the sulfur-containing amino acids. The beta- and gamma-zeins are cross-
linked by disulfide bonds and form the initial matrix of the protein body. The alpha-zeins, 
which are typically the most abundant, fill and expand this matrix as the protein body 
enlarges during development. All four of the different zeins are devoid of lysine and contain 
little or no tryptophan. Since zeins account for more than 50% of the total seed protein, 
maize is of poor nutritional quality for monogastric animals. It has been possible to improve 
the nutritional value of maize protein through the use of mutations that decrease the 
synthesis of zeins. However, these mutants typically have poor agronomic characteristics. 
As an alternative approach to improving the nutritional quality of maize seed proteins, we 
used site-directed mutagenesis to modify zein coding sequences. Using a Xenopus oocyte 
protein synthesis system, we found that the addition of one or more lysine residues to an 
alpha-zein did not alter its synthesis or processing into protein bodies. Our results augur 
well for the improvement of the nutritional value of zem proteins by genetic engineering. 
Introduction. The storage proteins of many cereals, including maize and sorghum, are a 
group of alcohol-soluble proteins classified as prolamines (Shotwell and Larkins, 1989). 
These proteins are the most abundant proteins in the endosperm, and they are the primary 
determinants of the nutritional quality of the grain. Prolamine proteins are generally devoid 
of lysine, which is an essential amino acid for monogastric animals. Since cereals are a 
major source of protein for humans and livestock, there has long been interest in improving 
the lysine content of the seed (Nelson, 1969). 
Much research and plant breeding have been focused on the use of the opaque-2 
mutation as a means to improve the lysine content of maize (Mertz et ai., 1964). This 
mutation decreases the synthesis of zein proteins and results in an increased percentage of 
lysine in the seed. Unfortunately, opaque-2 mutants have a number of inferior agronomic 
characteristics, such as a soft endosperm, low protein content, and reduced yield. Attempts 
to increase the protein content and yield of these mutants have generally resulted in an 
increase in zeins and a commensurate reduction in the lysine content. Consequently, 
opaque-2 mutants have not been widely used. 
Since genes encoding prolamine proteins that contain lysine do not normally exist in 
the genome, it is ~mpossi.ble by conventional genetic means to increase the lysine content of 
the s~orage prote~ fr~ctlOn. However, t?e development of methods to isolate genes and 
~odlfy them by ~Ite-dlrected mutagenesIs has provided a novel approach to introduce lysine 
mto these pro~ems .. Although th.e~e e.xperiments are technically feasible, it is unknown 
whether protems WIth such modIfications would be processed and accumulated in the seed. 
It is therefore important to understand the structural relationships between the storage 
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proteins, their organization within protein bodies, and the mechanisms regulating their 
synthesis and deposition in protein bodies. 
Structural relationships among zein proteins. With traditional extraction procedures, such 
as that described by Landry and Moureaux (1970), zein proteins are recovered in a number 
of solubility fractions. We recently reported a simpler method to separate t~e total zein 
fraction from the non-zein proteins (Wallace et ai., 1990a). This procedure mvolves 
dissolving total endosperm l'rotein in an alkaline buffer containing 2-mercaptoethanol and 
SDS, with subsequent addition of ethanol to 70%. The non-zein proteins precipitate, while 
the zein proteins remain in solution. 
Analysis of the alcohol-soluble proteins by SDS-polyacrylamide gel electrophoresis 
reveals several polYJ'eptides with Mr of 27,000, 22,000,19,000,16,000,14,000,12,000, and 
10,000 (see Fig. 1). Sequence analysis of the genes encoding these proteins has shown that 
they comprise four structurally distinct types (Larkins et ai., 1989). We designate the 
proteins of Mr. 22,000 and 19,000 as alpha-zeins, the protein of Mr 14,000 as a beta-zein, and 
the proteins ot Mr 27,000 and 16,000 as gamma-zeins. Preliminary characterization of the 
M..r 12,000 polypeptide indicates that its amino acid composition is similar to that of the Mr 
2/,000 and 16,000 gamma-zeins. The M 10,000 protein is designated the delta-zein. The 
beta-, gamma-, and delta-zeins are all suifur-rich proteins, while the alpha-zeins contain only 
low percentages of cysteine and methionine (Larkins et ai., 1989). 
The_ structural differences between these proteins are reflected in their solubility 
properties. Figure 1 shows a comp-arison of proteins extracted from mature endosperm of 
the inbred line W64A with water (Fig. 1, lane 1), with an aqueous solution of 20% 2-
mercaptoethanol (Fig. 1, lane 2), or with 20% 2-mercaptoethanol containing from 10 to 
80% ethanol (Fig. 1, lanes 3 through 10). The zein fraction is commonly extracted with 70% 
ethanol in the presence or absence of reducing agent, but this analysis illustrates that all the 
different zein types are extracted with 40 to 50% ethanol when a reducing agent is present. 
The alpha-, beta-, and delta-zeins require a solution of at least 40% ethanol for solubility, 
but the gamma-zeins (Mr 27,000, 16,000, and 12,000) are soluble in aqueous solutions if a 
reducing agent is present. 
We purified the alpha-, beta-, and gamma-zeins and used them to generate 
antibodies in rabbits. Subsequently, the antibodies were used to localize the corresponding 
proteins in protein bodies in developing maize endosperm (Lending et ai., 1988). Figure 2 
shows the distribution of zeins within protein bodies as revealed by immunogold staining. In 
sections stained with uranyl acetate and lead citrate, protein bodies showed light- and dark-
staining regions (Fig. 2A). We found variation in the proportion and distribution of these 
regions in protein bodies from different parts of the endosperm, but generally the light-
staining material is in the center and the dark-staining material is at the periphery of the 
protein body (Lending et aI., 1988; Lending and Larkins, 1989). In sections reacted with 
alpha-zein antibodies, the colloidal gold label was uniformly distributed over the central 
light-staining region (Fig. 2B). With the beta-zein antiserum, the labelling was preferentially 
located over the dark-staining region, near the interface between the light- and the dark-
staining material (Fig. 2C). There was a small amount of labelling within the central region 
of the protein bodies, which was associated with patches of dark-staining material. The 
immunostaining with the gamma-zein antiserum was similar to that of beta-antiserum, 
although the density of the gold particles was lower (Fig. 2D). We also found that the 
protein bodies near the J?eriphery of the endosperm are smaller and contain primarily beta-
and gamma-zeins (Lendmg and Larkins, 1989). This suggests that the beta- and gamma-
zeins are the first to associate and form a protein body. At later stages of development, 
large amounts of alpha-zeins accumulate and enlarge the protein body. 
156 
FIG. I. 
157 
SDS-polyacryamide gel electrophoresis analysis of proteins extracted from 30-
day-old endosperm tissue from the maize inbred line W64A. 100-mg samples of 
frozen endosperm tissue were individually extracted with two volumes of the 
following solvents: lane 1, H20; lane 2, 20% 2-mercaptoethanol; lane 3, 20% 2-
mercaptoethanol plus 10% ethanol; lanes 4-10, same as lane 3, but with stepwise 
10% increases in ethanol concentration. Aliquots of protein samples were 
boiled in sample buffer (62 mM Tris-HCI, pH 6.8,1 % SDS, 5% 2-
mercaptoethanol, and 10% glycerol) and analyzed by SDS-polyacrylamide gel 
electrophoresis on a 12.5% gel. (From Larkins et aI., 1989, with permission of 
the authors and publisher). 
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Electron micrographs of protein bodies in the endosperm cells of the maize 
inbredJine W64A at 18 days after pollination. The morphology and size of the 
protein bodies are typical of the fifth subaleurone layer. Maize seeds were fixed 
in 1 % (v/v) gluteraldehyde and 4% (w/v) freshly prepared formaldehyde in 
phosphate buffer (50 mM KH2P04/Na2HP04' pH 7.0) and prepared for 
immunocytochemistry as descnbed prevIously lLending and Larkins, 1989). For 
immunostaining, sections were incubated in the indicated primary antibody and 
then in 10-nm goat anti-rabbit IgG conjugated to colloidal gold. Immunostained 
sections were post-stained with uranyl acetate for 5 min and with lead citrate for 
2 min unless otherwise noted. Bar = 0.5 pM. A. Section post-stained with 
uranyl acetate (5 min) and lead citrate (10 min). Note the light-staining central 
region surrounded by a peripheral region that stains darkly. B. Section 
immunostained for alpha-zein. The colloidal gold label is uniformly distributed 
over the central, light-staining region. C. Section immunostained for beta-zein. 
The labelling is preferentially distributed over the dark-staining region, near the 
interface with the light-staining material. Sparse labelling is observed within the 
central region of the protein bodies; this is often associated with patches of dark-
staining material. D. Section immunostained for gamma-zein. Immunostaining 
is similar to that observed for beta-zein (C), although fewer gold particles are 
seen. (From Lending and Larkins, 1989) 
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Modification of DNA sequences encoding alpha-zein~. DNA s.equeI!ce analysis of several 
alpha-zein coding sequences reveale~ a conserved pflJ?ary amm.o aCId ~equence (Argos et 
al., 1982). After the first 40 amino aCIds, the polypeptIdes con.tam a se~Ies of repeat~d 
peptides of about 20 amino acids. Based on structural modellmg and CIrcular dIchrOIsm 
analyses, we postulated that these repeats are a~pha helices that fol9 the p~otein into a rod-
shaped structure (see Fig. 3B). Hydrogen bondmg between glutamme resIdues at the ends 
of the repeated peptides and polar amino acids on. the surface ?f the repeats, ~s ~ell as 
nonpolar interactions, are proposed to be responsIble for packmg these protems mto 
protein bodies. 
On the basis of this model, we used site-directed mutagenesis to modify the coding 
sequence of an alpha-zein and substitute lysine residues at a number of positions. Single 
lysine replacements were made in the ami!l0-termina! s~quence preceding t~e repe:'lted 
pep tides, at the ends of the repeated pephdes, and wIthm the repeated pephdes (FIg. 3A, 
constructs 1 to 5). Following these changes, we recombined sequences so that double lysine 
substitutions were created (Fig. 3A, combination constructs 1 to 5). Using newly created 
restriction enzyme sites, we inserted short oligonucleotides codi~g f?~ several lysine and 
tryptophan residues (Fig. 3A, constructs a, b, and c). Lastly, to sIgmfIcantly perturb the 
structure of the molecule, we inserted a sequence encoding an Mr 17,000 fragment of the 
SV40 VP2 protein (Fig. 3A, construct *). 
Since a method to transform these sequences intv maize cells and obtain regenerated 
plants was not available, we used a heterologous system to analyze the synthesis and 
processing of the modified zein proteins. Synthetic mRNAs were transcribed in vitro and 
injected into Xenopus laevis oocytes (Wallace et al., 1988). We previously demonstrated that 
zein mRNAs are translated in oocytes and that structures with the physical properties of 
endosperm protein bodies can be isolated from oocyte homogenates in metrizamide density 
gradients (Hurkman et al., 1981). 
To detect the zein proteins synthesized in oocytes, 3H-Ieucine was injected into the 
oocytes several hours after mRNA injection. Figure 4A shows an analysis of zein proteins 
synthesized in oocytes injected with total zein mRNA. A mixture of radioactive oocyte pro-
teins remained near the top of the gradient, but the majority of the zein proteins sedimented 
in a broad zone beneath the band of yolk platelets. Protein bodies from maize endosperm 
were also found to sediment in this region (Wallace et al., 1988). When oocytes were 
injected with the unmodified alpha-zein mRNA, the distribution of radioactive proteins was 
similar to that with total zein mRNA, although the radioactive protein sedimenting deep in 
the gradient was in less dense vesicles than when total native mRNA was injected (Fig 4B). 
However, the density of these vesicles was significantly greater than when the protein was 
added exogenously to the oocyte homogenate (Fig. 4C). 
The synthesis of alpha-zein protein was not affected by the addition of single lysine 
residues (Fig. 4D), two lysine residues (Fig. 4E), or short oligopeptides containing several 
lysine and tryptophan residues (Fig. 4F, G). FU'fthermore, the density of vesicles containing 
the modified zeins was similar to the unmodified alpha-zein (Fig. 4B). However, in all cases 
in which the alpha-zein mRNA was injected alone, the vesicles were slightly less dense than 
when the total zein mRNAs were injected (cf. Fig. 4A and Fig. 4B to G). The addition of 
the Mr 17,000 fragment of the SV 40 VP2 protein interfered with the aggregation of the 
alpha zein protein. Most of the labeled protein remained at the top of the gradient, and 
little or no aggregation occurred. 
These results are consistent with the hypothesis that the association of zein 
polypeptides into a protein body results primarily from interactions between the proteins 
themselves. Aggregation of alpha-zeins can occur in the absence of the beta- and gamma 
A 
FIG. 3. 
I. pMZll 12 
2. pMZU 44 
3. pllZQIt n 
4. pll'l/IlltllO 
S. pKZlne 159 
(I + S) pllZ (IU2-IIICIS,) 
(2 + 5) 1'"2 (ll44-1IJ:1~9) 
(} + 5) pllZ (QICn-IIIU59) 
(5 + 5) pill (111110-111159) 
160 
Primary amino acid sequence of an Mr 19,000 alpha-zein protein showing 
positions of lysine substitutions, oligopeptide insertions, and a large peptide 
insertion. The plasmid constructs listed at the sides of the figure indicate the site 
of the substitution or insertion. Synthesis of the mutagenized sequence and in 
vitro transcription of the mRNA were previously described (Wallace et al., 
1988). (From Wallace et ai, 1988, with permission of the authors and publisher). 
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Density gradient separation of protein bodies from Xenopus oocytes injected 
~ith zein mRNAs. Oocytes were injected with synthetic mRNA transcripts and 
H-leucine as previously described (Wallace et al., 1988). Following 
homogenization, extracts were separated by centrifugation in 4-ml gradients of 
10-50% metrizamide. Gradients were fractionated manually, and the 
distribution of radioactive alcohol-soluble proteins determined by SDS-
polyacryamide gel electrophoresis and fluorography. Panels correspond to the 
following mRNAs (see Fig. 3): A~native total zein mRNA; B) wild-type Mr 
19,000 alpha-zein; C) exogenous H-zein added to oocyte homogenate; D) 
MZIK 32; E) MZ (NKllO-NK159); F) MZi 32-33; G) MZi 127-128; H) MZ44-
SV 40. The Mr of the zeins is shown in panel A; other zeins migrated at M 
19,000 except the MZ44-SV 40 protein (H), which had an M.r of 35,000. (?rom 
Wallace et a!., 1988, with permission of the authors and publIsher) . 
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zeins, although the protein bodies that form are somewhat less dense than those formed 
with a mixture of zeIn proteins. In subsequent experiments we found that the protein bodies 
formed following injection of a mixture of synthetic mRNAs sedimented deeper in the gradi-
ent, suggesting that the beta- and gamma-zeins are required to form a fully dense protein 
body (Wallace et al., 1990b). Our results indicate that the introduction of lysine residues 
into the alpha-zeins does not affect their ability to aggregate. However, more significant 
alterations may interfere with their normal interactions. 
Synthesis of modified zeins in transgenic plants. We have also analyzed the synthesis of 
these modified zeins in transgenic tobacco and petunia plants. We found that the promoter 
sequences flanking these genes did not function efficiently in the transgenic Solanaceous 
species (Ueng et aI., 1988). Therefore, we used a promoter from a dicot storage protein to 
direct expression of the zein coding sequence. High levels of mRNA transcripts were 
produced from these gene constructs, but the proteins were barely detectable (Williamson et 
al., 1988; Wallace et aI., 1990b; Ohtani et aI., 1990). The low amount of alpha-zeins in dicot 
seeds appeared to result from instability of the proteins, since both the normal and modified 
zein polypeptides were degraded with a half-life of about 4 hours. In mature seeds, the 
proteins were observed as aggregates appressed against the cell wall (Wallace et al., 1990b). 
Continued use of this approach to improve the nutritional value of zein proteins awaits a 
transformation system for maize. 
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Evidence that sorghum mig~t not be as digestible as other cereals in c¥d~en :vas 
first published 30 years ago by Kunen et al (1960). They found that the protems m nce fed 
to seven boys age 10-11 years !'I.ere 75% dige.sti~le; replacement of t~e nce with ~orghum 
lowered the apparent digestIbIlity to 55%. SlIDllar results were obtamed by DanIel et al 
(1966) in young girls fed a sorghum diet. 
Ten years ago we sent Dr. George Graham samples of two high lysine and two 
normal sorghum cultivars to test their digestibility in young normal children. Dr. Graham 
and coworkers (1981) found that sorghum gruels made from these four tannin-free cultivars 
had an apparent protein digestibility mean value of 46% compared with rice, maize, and 
wheat gruel at 66%, 73%, and 81 %, respectively. 
At that time we planned to use the rat to determine why sorghum was not as 
digestible as other cereals. However, when we sent samples of the same four sorghum 
cultivars used by Dr. Graham, to Dr. Bressani at INeAP, he reported that the average 
digestibility of the uncooked sorghums in weanling rats was 85%. We then repeated the 
feeding tests with rats in Lafayette using a cooked gruel similar to that fed by Dr. Graham 
and coworkers. Here a~ain the digestibility was high, an average of 80%, showing that the 
weanling rat is more efficient than the young child in digesting cooked sorghum (Axtell et 
al.,1981). 
With the rat eliminated as a test animal, we made a search for a laboratory system 
that would be sensitive to the digestibility differences between sorghum and other cereals 
which was observed by Dr. Graham. We found that porcine pepsin in vitro shows these 
digestibility differences. 
In studies using p'epsin (Axtell et aI, 1981), we found that uncooked sorghum proteins 
had a high digestibility (78 - 100%), which dropped to a range of 45 - 55% after cooking. 
Two fermented sheet-baked sorghum products (kisra and abrey) from Sudan gave pepsin 
digestibility values of 65 - 86%. In contrast, unfermented cooked gruels made in our 
laboratory from the same flours used for the kisra and abrey gave pepsin values of only 44 -
56%. 
In 1984 (Mertz et al.) we published a modified pepsin method (residue method) that 
gave more reproducible results. This method is outlined in Figure 1. Further details are 
given in the 1984 publication. 
With this modified method we determined the digestibility of the cereals shown in 
Table 1. Wh~at, maize and rice are much more digestible than either normal (P721 
Normal) or hIgh lysine (P721 Opaque) sorghum. P721 Opaque is in turn about 4% higher 
than P721 Normal which is its isogenic counterpart cultivar with typical lysine content for 
normal sorghum. Pearl millet is more digestible than sorghum (74.8% versus 59.0%) but 
Pepsin Digestibility Method 
Ground cereal sample 
200mg 
(Udy grinder, 0.4 mm screen) 
Suspend in 35 ml 
pepsin (1.5 mwml) 
solution in 0.1 M 
phosphate butTer (ph 2.0) 
Shake gently at 3,oC for 2 hrs. 
Centrifuge (12,000 x g. 15 min, 40 ) 
Residue Supernatant 
(discard) 
Suspend in 10 ml of 0.1 M phosphate butTer (ph 2.0) 
Centrifuge 
Residue 
Remove from walls of centrifuge tube with spatula and 
dump in center of Whatman filter paper No.3 on a 43 
mm Buchner funnel. Wash residue into funnel with 5 
ml phosphate butTer. Apply suction to funnel. Roll 
moist filter paper and insert in Technicon digestion 
tube. Digest with sulfuric acid and measure ammonia 
in a Technicon Analyzer. 
Figure 1. Pepsin Digestibility Method. 
Supernatant 
(discard) 
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Table 1. Pepsin digestibility of cooked major cereals 
Cereal 
Wheat 
Maize 
Rice 
Sorghum P721N 
Sorghum P7210 
Millet, pearl 
Millet, nasha 
Sorghum, Dabar 
Sorghum nasha 
Sorghum, decorticated 954062 
Sorghum,decorticated/ 
extruded 954062 
* Mean of four analyses. 
Protein 
digestibility, * 
% 
85.5 
85.3 
83.8 
59.0 
63.2 
74.8 
85.5 
59.8 
65.5 
56.8 
79.0 
SD 
1.73 
1.26 
0.96 
2.45 
1.30 
2.06 
0.58 
1.50 
1.29 
2.22 
0.00 
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inferior to wheat, maize and rice. However, conversion of millet to the Sudanese fermented 
baby food nasha raises its pepsin digestibility to that of wheat, maize and rice. For some 
unknown reason sorJdlum nasha did not show as much improvement in pepsin digestibility 
as millet nasha (a 5% increase). However when sorghum nasha was tested in children 
(Graham et al., 1986) the digestibility was about 75% (compared with previous values of 
46% with unprocessed cooked sorghum). 
In Table 1 decorticated sorghum had a pepsin digestibility of 56.8%, but after 
extrusion the value rose to 79%. When this same extruded sorghum was tested in children 
(MacLean et al, 1983) the value was 81 %, which agrees closely with the pepsin value. 
The pepsin method has also been useful in studying the endosperm mechanisms 
responsible for the marked decrease in protein digestibility of sorghum on cooking, a change 
whIch is much more drastic than that observed with other cereals. These changes are 
discussed by Dr. Kirleis in his paper on sorghum proteins. 
The value of these studies is to demonstrate the importance of local village 
processing technologies which have evolved in areas where sorghum grain is a traditional 
staple cereal. Much more remains to be done with traditional village processing in Southern 
Mrica where thin fermented porridges are prepared from sorghum, and in Central and 
West Africa where other local indigenous processing technologies for sorghum grain are 
used. 
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THE PROLAMINS OF SORGHUM: THEIR ROLE IN PROTEIN DIGESTIBILI1Y 
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Introduction. The most common ways of classifying cereal proteins is on the basis of their 
solubility in alcoholic or aqueous so!vents. ~e cereal protein fractionation p~ocedures used 
today are derived from the sequentIal extractIon technique developed for maIZe by Osborne 
and Mendel (1914). In their extraction procedure the water-soluble protein fraction is 
regarded as albumin, and the proteins extracted with dilute salt solutIons from the 
remaining residue are referred to as globulins. Prolamins, the major storage protein are 
next extracted sequentially with aqueous alcohol. The other proteins remaining insoluble 
are referred to as glutelins and can be extracted with dilute alkali. 
Many workers have used the Osborne-Mendel procedure or variations of it to 
examine sorghum proteins. Johns and Brewster (1917) were the first to report that the 
aqueous alcohol protein fraction from sorghum made up over one-half of the total proteins 
in the kernel. These workers call the prolamin fraction from sotghum "kafirins" because 
they were extracted from grain of the race Kaffir. One of the problems associated with the 
Osborne-Mendel fractionation procedure when used to extract sorghum kernel proteins is 
that very different protein yields have been reported by different workers. Skoch et at 
(1970) subjected five sorghum cultivars to sequential extraction with saline, aqueous alcohol, 
and alkali solutions, but managed to extract only 26-40% of the total protein in the grain. 
Haikerwal and Mathieson (1971) reported extracting 89% ofthe total sorghum kernel 
proteins when they sequentially used saline, 70% ethanol, and sodium hydroxide. 
In 1970 Landry and Moureaux (L-M) proposed a more efficient fractionation protein 
extraction procedure for maize. With this procedure, five protein fractions are sequentially 
extracted as follows: Fraction I - albumins and globulins, extracted with 0.5 M NaCl; 
Fraction II - prolamins, extracted with 70% isopropanol; Fraction III - prolamin-like, 
extracted with ~O% isopropanol plus 0.6% 2-mercaptoethanol (2-ME); Fraction IV -
glutelin-like, extracted in pH 10 borate buffer plus 0.6% 2-ME; and Fraction V - glutelin, 
extracted in pH 10 borate buffer, 0.6% 2-ME, plus 0.5% sodium dodecyl sulfate (SDS). 
The prolamines (L-M Fractions II and III), are the principal storage protein fractions 
in sorghum, maize, and millet. These storage proteins are called prolamins due to their high 
concentration of the amino acids proline and glutamine. Prolamin proteins are synthesized 
in the endosperm of the developing seed in an insoluble form to form organelles called 
protein bodies. The prolamin or storage proteins of sorghum, maize, and pearl millet are 
called kafirins, zeins, and pennisetins, respectively. 
The distribution of nitrogen in the five L-M fractions of sorghum, maize, and pearl 
millet are shown in Table I. An examination of the distribution of storage proteins between 
the two L-M prolamin fractions shows that sorghum contains about twice the quantity of 
prolamin-like as it does true prolamin nitrogen. Both maize and pearl millet contain much 
more true-prol.ami!l than prolamin-like nitrogen. Thus sorghum IS unique among the three 
cereals due to Its hIgh level of prolamin-like fraction, which indicates that more disulfide 
Table I. Nitrogen distribution in the Landry-Moureaux fractions of sorghum, 
maize, and pearl millet normal whole seeds. a 
L-M Fractions 
I albumins-globulins 
II true-prolamin 
III crosslinked-prolamin 
IV glutelin-like 
V true-glutelin 
Total N extracted 
% protein in seed 
a Source Nwasike et al. 1979. 
Sorghum 
10.0 
15.7 
31.3 
4.5 
29.3 
90.8 
13.5 
% oftotalN 
Maize 
16.6 
38.6 
10.1 
10.0 
20.2 
95.5 
10.7 
Millet 
22.3 
41.4 
6.8 
9.3 
20.9 
100.7 
14.3 
bonds must be broken in order to extract the majority of the sorghum storage proteins 
compared to maize and pearl millet. Hence this has led to the prolamin-like fraction of 
sorghum to be sometimes called "crosslinked prolamins" or "crosslinked kafirins." 
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Analysis by gel electrophoresis of the kafirin and zein proteins from sorghum and 
maize, respectively, reveals that these proteins are very similar (Fig. 1). Both the kafirins 
and the zeins consist of a mixture of polypeptides that have been designated as alpha, beta, 
and gamma types (Esen 1986 and Shull et al. 1990). The major types of proteins In both 
sorghum and maize are called alpha-kafirins and alpha-zeins, respectively. These are a 
complex group of closely related polypeptides which are soluble in aqueous alcohol. The 
beta-types are soluble in alcohol containing a reducing agent. The gamma-type proteins are 
soluble in both aqueous and alcoholic solvents with strong reducing conditions. When 
separated by SDS-P AGE, sorghum storage proteins are resolved into polypeptides of Mr 
28, 25, 23, 20, 18, and 16 kD (Shull et al. 1990). The protein groups designated alpha-, beta-, 
and gamma-, kafirins, correspond to the Mr 25,000 and 23,000, the Mr 20,000, 18,000 and 
16,000, and Mr 28,000 components, respectively. 
Identification of the undigested proteins from sorghum. Using a pepsin digestibility method 
to determine in vitro protein digestibility, work in our laboratory has shown that sorghum 
proteins are much less di~estible than cooked maize and pearl millet proteins (Table II). 
Animal bioassay and in vltro pepsin techniques have clearly shown that cooking sorghum in 
excess water adversely affects sorghum protein digestibility (Axtell et al. 1981; Eggum et al. 
Table II. In vitro protein digestibility of uncooked and cooked sorghum, maize, 
and pearl millet. 
Cereal 
Sorghum 
Maize 
Pearl Millet 
% Protein Digestibility 
Uncooked 
83 
86 
89 
Cooked 
56 
79 
85 
Figure 1. 
170 
SDS-PAGE profiles of total kafirin (lane 1), total zein (lane 2) and molecular 
weight standards (lane 5) using (A) a linear 8-18% polyacrylamide gradient 
gel without urea and (B) a linear 10-15% polyacrylamide gel without urea. 
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1983; Mitaru et al. 1985). The above cited animal studies report a negative relationship 
between protein digestibility and biological value (BV). As BV measures the efficiency of 
utilization of the nitrogen absorbed, this variable is dependent on the amino acid 
composition of the digested protein. This finding led Bach Knudsen and Munck (1985) to 
hypothesize that BV of cooked sorghum increased, because the lysine poor kafirin proteins 
became indigestible after cooking. Accordingly, by removing the poor quality kafirins from 
sorghum the remaining digested proteins had a better balanced amino acid profile and an 
improved BV compared to sorghum flour. 
Work by Hamaker et al. (1986) showed that when sorghum is cooked the solubility of 
the proteins is altered, in particular the alcohol-soluble kafirins. The amount of alcohol-
soluble proteins (L-M Fractions II and III) in sorghum was reduced from 42 to 6% by 
cooking. An examination of the pepsin-indigestible proteins from both uncooked and 
cooked sorghum by polyacrylamide gel electrophoresis revealed that the predominant 
proteins in the indigestible residue were alpha- and beta-kafirins. Recently Rayas and 
Kirleis, unpublished, showed that the kafirin proteins were also the least digestible protein 
when cooked sorghum was fed to rats. These findings thus confirmed the hypothesis that 
kafirins became less digestible after cooking. 
Improving sorghum protein digestibility with reducing agents. Identification of the kafirins 
as the least digestible proteins in sorghum prompted additional work on these proteins to 
obtain a better understanding of how these proteins are altered by cooking. As mentioned 
above, sorghum contains about twice the quantity of crosslinked kafirin (L-M Fraction III) 
proteins as it does kafirin (L-M Fraction II) proteins. In contrast, maize and pearl millet, 
cereals that show only a slight decrease in protein digestibility after cooking, contain more 
L-M Fraction II than crosslinked L-M Fraction III prolamin proteins. Thus, the high level of 
crosslinked kafirins might be responsible for the low protein digestibility of sorghum 
following cooking. This hypothesis led to examining the effect of adding reducing agents to 
sorghum and maize for improving protein digestibility. It was found that treating sorghum 
with 2-ME improved in vitro protein digestibility (Hamaker et al. 1987). The reducing agent 
treatment was used to improve the protein digestIbility of both uncooked (flour) and cooked 
sorghum, and resulted in increasing pepsin digestibility by 11 and 25% respectively, 
compared with sorghum not treated with a reducing agent. An identical reducing agent 
treatment on maize gave only an 8 and 5% increase in protein digestibility, respectively 
(Table III). 
Table III. Effect of 2-mercaptoethanol on the pepsin digestibility of sorghum and maize. 
% protein digestibility 
Soakeda Cookedb 
NT 2-ME NT 
Sorghum 
Maize 
83.2 
86.4 
94.3 
94.8 
56.7 
78.0 
a 
b 
Uncooked flours were soaked either in water (NT) or a solution containing 
100mM 2-ME for 12 hr. 
Cooked gruels were prepared with water (NT) or a solution containing 
100mM2-ME. 
2-ME 
81.8 
83.1 
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Other reducing agents also enh~nced pr?te,in dig~stibilio/ of so~ghum (Fig, 2), ~en 
sorghum was cooked in 100 mM solutIons of dIthiothreItol, sodIUm b,Isulfite, or L-cysteme, 
pepsin digesttbilities increased by 27,3%, 25,0%, and ~0.3%, respectIve~y, over sorghum 
cooked in water alone. Dithiothreitol was most effectIve, followed by bIsulfite, 2-
mercaptoethanol and L-cysteine, in increasing pepsin digestibility at low concentrations. At 
100 mM, howeve;, the effect of the reducing agents on digestibility was nearly equal. 
Using gel filtration chromatography, ~amaker (1986) .s~owed th,at cooki~g sorghum, 
caused the formation of high molecular weIght (Mr 10-20 mIllIOn D) dIsulfide linked protem 
polymers, This protein polymerization did not occur wh~n sorghum was cooked in th,e 
presence of a reducing agen! such as 2-M~, These prote~ p~lyme~s fo~e~ by cooking may 
be associated with the protem body :protems and thereby limit kafinn ~IgestIOn. It was 
observed, using scanning ,electron ~croscopy, that sorgh~~ coo~ed Wl,th water and an, 
aqueous solution containmg a reducmg agent caused no VISIble dIsruptIOn of the protem 
body structure (Leonard 1990). When changes in the in vitro pepsin digestion of uncooked 
and cooked sorghum (with or without a reducing agent) were observed by scanning electron 
microscopy, it was found that the protein matrix (non-kafirin protein) surrounding the 
protein bodies was more readily digested than protein body proteins or kafirins (Leonard 
1990). It was found that the mode of protein body digestion with pepsin was similar in 
uncooked and reducing agent cooked sorghum, i.e. protein body pitting was first observed 
after 15 and 30 minutes of digestion, respectively. The digestion of protein bodies cooked in 
water proceeded with a decrease in size and a loss of spherical shape without any observed 
pitting even after 120 minutes of pepsin digestion. 
Sorghum proteins when cooked react differently than proteins in other cereals. Their 
digestibility is most negatively affected by the cooking process and most improved by the 
addition of reducing agents. As cooking in the presence of a reducing agent makes sorghum 
proteins more digestible and prevents the formation of high molecular weight polymers, 
oxidative formation of disulfide bonds during the cooking process must playa role in 
creating the less digestible proteins in sorghum porridges. We know that kafirin proteins are 
the least digestible protein fraction, so it appears that these proteins are in some way 
involved with the formation of disulfide linked polymers during cooking. A likely candidate 
for this involvement is gamma-kafirin, which is the Mr 28 kD polypeptide with as much as 7 
mole percent of cysteine (Taylor et aI. 1989 and Watterson et aI. 1990). 
Gamma-kafirin localization in protein bodies. Differences in protein body composition are 
suggested by variations in their staining intensity with lead citrate and uranyl acetate (Fig. 3), 
Many protein bodies have a homogeneous electron-translucent matrix, while others have 
dark-staining material which occurs at the surface and/or as inclusions within the protein 
body (Fi~. 3). This situation is very similar to what has been observed with protein bodies 
from maIZe (Lending et al. 1988). 
With antibodies against the gamma-kafirins, we localized this protein using 
immunogold staining (Shull et aI. 1990). Antibodies against the gamma-kafirin reacted 
uniformly throughout the protein body in both the dark and light-staining regions of protein 
bod,ies. A similar distribution of gamma-kafirin existed in the protein bodies from both the 
penpheral and central endosperm regions. This is in contrast to maize where gamma-zein, 
also a, high cysteine pr?tein, is localized in the dark-staining areas at the surface of the 
protem body or,sometImes as central inclusions (Lending et aI. 1988). Thus, the distribution 
of ga~a-ka~n throu,gh the sorg~um protein body may provide a mechanism for the 
formatI~)D of dlsulfide~lmked protem polymers throughout the protein body during cooking. 
If so, thIS would explam the poor protein digestibility of the sorghum kafirin proteins. 
Figure 2. 
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Figure 3. Protein bodies in 25 day sorghum, prepared for electron microscopy, and 
stained with lead citrate and uranyl acetate. (A) Protein bodies from the 
outer endosperm region. (B) Protein bodies from the central endosperm 
region. (Bar=1.0 tm) 
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Conclusions. These results demonstrate that sorghum proteins are considerably less digestible 
after cooking than other cereal proteins. Using both in vitro and in vivo techniques, cooking 
reduced the digestiblIity of the alcohol-soluble sorghum storage proteins or kafirins. A variety 
of reducing agents have been used to significantly improve the in vitro digestibility of uncooked 
and cooked sorghum proteins. The addition of a reducing agent brought protein digestibility 
to the level of maize. 
Scanning electron micrographs showed that the kafirin-containing protein bodies, 
present in sorghum endosperm, retained their structural integrity during cooking. It was 
shown that the mode of protein body digestion with pepsin proceeded by a pitting mechanism 
in both uncooked and reducing agent cooked sorghum. In contrast, the digestion of protein 
bodies cooked in water proceeded with a decrease in size and a loss of spherical shape without 
any pitting. 
Since cooking in the presence of a reducing agent makes sorghum proteins more 
digestible and prevents the formation of high molecular weight protein polymers, oxidative 
formation of disulfide bonds during the cooking process may playa role in creating the less 
digestible proteins. A likely candidate for this involvement is the high-cysteine gamma-kafirin, 
which is distributed evenly throughout the protein body. Experiments are underway to 
determine the effects of gamma-kafirin on protein digestibility. 
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Abstract. The digestibility and fun~tional!ty of so:g~um starch ~re discu~sed. ~e~-milled 
starches from diverse sorghum cultIvars yIelded sImIlar hydrolysIs rates (m an m vltro 
ruminal digestion assay). Waxy starch normally exhibits a small (5~) improveI?ent in in 
vitro digestibility. Hydrolysis rates of dry-milled sorghum products.mcreased WIth smaller 
particle size and with a softer endosperm texture and decreased WIth a vitreous endosperm 
texture. The structural integrity of the endosperm appears to be the primary factor limiting 
sorghum starch digestibility. Protease treatment of sorghum grits increased starch 
digestibility. Sorghum is normally heat processed to increase starch digestibility. 
Digestibility of cooked starch increases; but, enzyme resistant starch is also formed during 
processing. Starch retrogradation is a normal part of cereal processing and is affected by 
starch dispersibility, amylose content, and fiber content. 
Introduction. Starch comprises 70 to 80% of most cereals. Worldwide, cereals are a major 
source of energy and protein for livestock (beef, poultry and swine) as well as people. The 
digestibility and feeding value of grain depends upon the composition, structure and their 
interactions during processing. 
Starch is synthesized from glucose units to form (linear) amylose and (branched) 
amylopectin (Fig. 1). Starch granules in most cereals contain around 25% amylose and 75% 
amylopectin. Waxy cultivars contain all amylopectin while heterowaxy cultivars contain 
between 10 to 21 % amylose and the remaining starch as amylopectin (Rooney and 
Pflugfelder, 1986), 
The starch molecules are arranged in semi-crystalline, spherical or polygonal granules. 
Starch in the granule is stabilized by hydrogen bonding (inter- and intramolecularly). As a 
result, starch granules are resistant to water entry and enzyme hydrolysis. The organization 
of granule causes plane polarized light to exhibit a characteristic shadow or "Maltese cross" 
(birefringence) (Whistler et aI., 1984; Manners, 1985). 
The organization and birefringence of the starch granule is lost during gelatinization. 
Heat, moisture, mechanical action and chemical agents are often used in combination to 
process cereals. The starch granules absorb water, swell, exude part of the amylose, and 
become susceptible to enzyme hydrolysis during gelatinizatio"n (Zobel, 1984). Gelatinized 
starch hydrogen bonds to water instead of to other polymers. 
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Figure 1. Partial structures of amylose and amylopectin. 
amylose 
amylopectin 
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Retrogradation is the reassociation of starch molecules separated during 
gelatinization, resulting in the formation of a paste or ge~ an~ the l~beration of bound water. 
Amylose rapidly retrogrades to form strong gels that resIst dIsruptIOn (stable to > 120 C) 
and enzymatic hydrolysis. Enzyme ~e~istant s~~h is formed during most food processes 
and dunng reheating of foods contaIrung gelatinized starch (Englyst and MacFarlane, 1986). 
Factors affectini starch diiestibility. Digestibility of starch is affected by the composition of 
starch, protein-starch interactions, integrity of the endosperm, antinutritive factors, and 
processing history of the product (Rooney and Pflugfelder, 1986). Cereal starches are more 
easily digested (in vitro using pancreatic alpha-amylase) than root and tuber starches, e.g., 
near 100% for cereal starches and 7 to 92% for root and tuber starches (Moran, 1982). 
Waxy cereals (com and sorghum) starches were 15% more digestible in vitro using 
bacterial alpha-amylase compared to normal cereals (Table 1) (Banks and Greenwood, 
1975). Waxy sorghum starch was also more digestIble than heterowaxy or normal starches, 
e.g., 100, 65 and 55% respectively, using fungal gluco-amylase (Lichtenwalner, et aI., 1978). 
Only high-amylose com starch had a reduced digestibility (45%) among the cereals . 
• Table 1. In vitro enzyme hydrolysis of isolated starches. 
Cereal 
Qn:n 
normal 
high amylose 
waxy 
Sorihum 
normal 
heterowaxy 
waxy 
Wheat 
normal 
~ 
normal 
* 
Pancreatic 
Alpha-Amylase 
100·· 
45 
100 
100 
•• 
Adapted from Rooney and Pflugfelder, 1986 . 
Reference starch in assay. 
Bacterial 
Alpha-Amylase 
100·· 
28 
117 
101 
113 
98 
66 
Fungal 
Gluco-Amylase 
55 
65 •• 
100 
Matet1als and m~thods. Sa~ples. All cultivar~ w~re grown on the Texas Agricultural 
~enm~nt StatIon Plantation at College StatI<;>D In 1989. 1}le sorghum cultivars had a 
whIte pencarp and endosperm color and contaIned no tanruns. Sorghum cultivars were 
selected on the basis of endosperm texture (primarily) and endosperm type (waxy vs. 
nonwaxy) (Table 2). Commercial hybrids o(sorghum and com had intermediate endosperm 
texture. 
~l samples were milled into flour using a Udy Cyclone Mill (U.D. Corp., Boulder, 
Co.) us~ng ~ 1.0 mm mesh screen. E~dosI?erm grits were prepared from decorticated grain. 
DecortIcatIOn was conducted for 3 mIn USIng a PRL abrasive mill. The bran was removed 
from the decorticated grain using a Qipper seed cleaner (Seedburo Co., Chicago IL). Grits 
were prepared using a Straub 4E mill. Grits were hand sieved through a U.S. sta~dard No. 
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16 sieve (1.18 mm opening). Larger grits were reground until they were less than 1.18 mm. 
The grits were then sieved on several sieves to yield 420-500 p. (No. 40 sieve), 500-600 p. (No. 
35 sieve), 600-840 p. (No. 30 sieve) and 840-1180 p. (No. 20 sieve) grits. The sieves were 
shaken for 5 min on a Ro-Tap Testing Sieve Shaker (Seedburo Co., Chicago, IL). The grits 
were air classified to remove pericarp pieces using a South Dakota Seed Blower. 
Table 2. Physical characteristics of sorghum cultivars and commercial sorghum and com 
hybrids. 
Endosperm Endosperm Kernel 
Designation Texture Type weight (mg) 
Sor"hum 
P721 floury nonwaxy 29.0 
R3338wx intermediate waxy 25.1 
CS283 vitreous nonwaxy 26.4 
Comm. Hybrid intermediate nonwaxy 33.6 
Com 
Comm. Hybrid intermediate nonwaxy 320.6 
~. Starch was prepared from the grains by a laboratory wet-milling procedure (Norris, 
1971). 
Animals and diets. Four fistulated Hereford X Angus crossbred heifers were fed once daily 
to gain 0.5 lb/day on an 80% sorghum 20% chopped alfalfa hay diet. The diet was 
formulated to provide 0.05% salt, 30,000 ill vitamin A, 3,000 ill vitamin D, 600 ill vitamin 
E, 0,3 ppm selenium, 0.21 % calcium and 0.18% phosphate per day on an "as fed" basis. The 
grain sorghum was a mixture of Cargill #1022 and Pioneer #B815 hybrids (Barter Farms, 
Dowagiac, MI) which was rolled in a RosKamp roller set at the smallest roller size. Crude 
protein contents of the sorghum and alfalfa hay, as analyzed and reported by Litchfield 
Analytical Services (Litchfield, MI) were 10.7% and 19.5%, respectively, on a dry matter 
basis. Liquid animal fat was added (1 % ) as a binding agent for the vitamins and minerals. 
The diet was supplemented with monensin (25 g monensin/ton of complete feed). 
In Vitro starch analysis. Grit substrates (particle sizes > 200 um) were weighed into 5 ml 
serum vials and the vials were stoppered and stored at -20·C. The day before an in vitro 
ruminal incubation assay was performed, flour substrates (i.e., substrates having particle 
sizes < 150 um) were placed in a 100 ml serum bottle and were transferred along with vials 
containing preweighed grits into an anaerobic hood (Coy Laboratory Products Inc.) 
containing a 5% H2 + 95% CO2 atmosphere. The materials were allowed to stand a 
minimum 5 h so that oxygen introduced with them into the hood could be reduced by a 
palladium catalyst. The hood was then alternately evacuated and flushed with anaerobic 
grade 99.9% C02 for a total of three cycles. The following morning, refrigerated, anaerobic 
MacDougals butTer was added to the substrates (1 ml per 40 mg starch equivalent). Flours, 
suspended in buffer were immediately dispensed into empty 5 ml serum vials. Ruminal 
contents (1 L), obtained via the fistula 16 h postfeeding, were sieved through a 2 mm 
anaerobic hood and dispensed immediately (1 ml/vial) into serum vials containing substrate 
and 1 ml buffer. Final starch concentration was 20 mglml unless specified otherwise. Vials 
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were sealed with butyl rubber stopp~rs. ~ additional 25 ml.of ruminal co~tents, used .as a 
control for starch present in the rumInal Inoculum, was held In the anaerobIc hood until 
incubation of the vials was initiated on a reciprocating platform shaker (145 
oscillations/min) in a 39·C incubation. room. At the sampli~g times indicat!!d, the.vials we!e 
removed and placed in a acetone/dry Ice bath and stored, WIth control rumInal fluId at -20 C 
for later starch analyses. 
Analytical. The starch contents of.differen~ endosp~rm pr!!para~ion~ (i.e., flours and ~ts) 
were determined as reported p!evlOusly pnor to the~ use In the m vztro starch hydrolrsls 
assay. Incubation vials contairung substrate and rummal contents were thawed In an Ice 
bath and their entire contents were adjusted so that the final concentration of rumen fluid in 
the assay mixture was 3%. After enzymatic conversion of starch to glucose, replicate 
determinations of glucose via the glucose oxidase assay were performed. For measurements 
of glucose and oligosaccharides in vials, 2 ml of methanol was added to each vial upon 
removal from the 39·C incubator and the vials were held at 4·C for 1 h before storage in the 
-20·C freezer. The vials were thawed in an ice bath and then centrifuged 30 min (3000 X g, 
4·C). The supernatant solution was removed and spun in a microfuge (12,000 X g, 30 min, 
4· C). This second supernatant solution was then assayed for starch content and glucose. 
Starch solubility at 35· C. Udy milled flours of raw grain and selectively processed (cooked) 
samples were analyzed by high pressure size exclusion chromatography (HPSEC). The 
samples (2.0%) were heated in water at 3S·C for 10 min, centrifuged and the supernatant 
sonicated for 18 sec (Jackson, et aI., 1988). Samples were held at SS·C for up to 6 h before 
filtering with a 5.0 ILm filter and injecting 25 ILl for HPSEC analysis. Concentrations of 
amylose and amylopectin solubilized by this procedure were calculated. 
Results and Discussion. Effect of starch source on starch hydrolysis rate. An in vitro 
ruminal starch digestion assay was utilized to determine the factors limiting the rate of 
starch di~estion in the rumen of cattle. Specifically, starch properties, endosperm texture, 
and particle size of endosperm pieces. 
The di~estibility of wet-milled starches were compared using the in vitro ruminal 
starch digestIon assay to determine whether the chemical nature of the starch, starch 
granule structure, percentage of amylopectin, etc., affects starch hydrolysis (Fig. 2). No 
significant difference was detected among sorghum starches or between sorghum and com 
starches. Hence, differences in ruminal animal performance on different grains (wheat vs. 
com vs. sorghum) probably does not depend upon the intrinsic digestibility of starch. 
However, the waxy sorghum starch tended to have a higher rate of hydrolysis than the other 
sorghums. 
Thus, decreased digestibility of sorghum in ruminallivestock rations must result from 
some residual chemical or structural factors in the endosperm. Hence, it was necessary to 
identify the grit particle size (1) that maintained the integrity of the starch granules in the 
plant endosperm structure (within the protein matrix and cell walls) and (2) that was still 
sufficiently small for experimental manipulation in numerous incubation mixtures [to 
identify factors limiting starch digestion in the rumen]. 
Effect of particle size on starch hydrolysis rate. As particle size is reduced, the surface area 
of grits and flour particles increases. This increases the accessibility of the substrate (starch) 
to enzymatic attack and digestion by ruminal microorganisms and starch hydrolysis rates 
were expected to increase with decreasing particle size. 
Figure 2. 
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Effect of sorghum cultivar on the in vitro starch digestion rate of wet-milled 
starches. 
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Starch hydrolysis rates of grits (sever~l sizes) and o!flo.ur made fro~ the.600-840 grits 
(gritflour) of the commercial sorghum hybnd are shown In FIgure 3. PartIcle sIZes less than 
150 IJ. were sampled over 6 h while those greater than 400 IJ. were. sampled over 10 h. Rates 
were consistently faster for purified com starch (2.2 mglml/h) while rates were ~ot 
significantly different between the gritfl~ur p.43 mglml/h) and the 420-5~0 IJ. gnt (1.25 . 
mglml/h). Starch hydrolysis rates were sIgruficantly slower (p<.05) fo~ gnts whose partIcle 
sizes included ranges of 500-600 IJ., 600-840 IJ. and 840-1180 IJ.. Numencally, the smaller the 
particle size, the faster the starch hydrolysis rate for all cattle. 
This trend was also observed for the pH values recorded during the incubations (data 
not shown). The in vitro pH dropped faster with smaller particle size substrates. 
Since starch hydrolysis rates were not significantly different between the two larger 
particle s~es, further comp~sons were made. with the ~malle~ of th~ two grit sizes, e.~. t?00-
840 IJ.. This ~t size was eaSIer to transfer dunng analysIs, yet It retaIned factors that limIted 
starch digestIbility. 
Effect of endosperm texture. particle size and composition on starch diiestion rate. The 
effect of sorghum cultivars with known endosperm characteristics on starch digestion rates 
was investigated next. The effects of composition (flour of whole grain vs. endosperm), 
particle size (grit vs. gritflour), endosperm texture (floury vs. vitreous) and endosperm 
starch type (waxy vs. nonwaxy) were determined. Purified starch, gritflours and whole grain 
flours were sampled over 6 h while grits were sampled over 10 h to determine rates of starch 
hydrolysis in the in vitro assay (Figure 4). 
The whole grain flour was derived from the entire kernel. Hence, the whole grain 
flours contain more pericarp and germ and less starch than the grits. The grits and gritflour 
had the same composition but varied in particle size. The endosperm of P721 was floury, i.e. 
it contained the least corneous endosperm particles. In contrast, SC283 samples had the 
most corneous endosperm particles. Waxy cultivars (including R3338wx) have less 
distinctive zones of floury and corneous endosperm textures (Rooney and Miller, 1982). 
Starch hydrolysis rates were significantly slower for grits when compared to whole 
grain flour or gritflour within a cultivar (Figure 4). This was expected based on the 
hydrolysis rates of different particle sizes of the commercial sorghum hybrid (Figure 3). The 
hydrolysis rate of commercial purified com starch was faster than those of all of the flours 
(whole grain flours or gritflours), except for that of P721. Hence, the smaller particle size of 
most flours was insufficient to allow complete access of substrate to ruminal enzymes. The 
floury endosperm texture of P721, apparently contributed to the increased hydrolysis rate of 
ruminal enzymes. P721 is a chemically induced high-lysine mutant developed at Purdue 
University (Mohan, 1975) that contains less storage protein (prolamin). This difference in 
the type of protein may also account for the differences observed in starch digestion rate, 
but our data does not enable us to support or refute this. 
Within similar particle size grins, endosperm texture, starch type and grain type 
affected starch hydrolysis rate (Figure 4). Rates of hydrolysis were fastest for P721, 
comparable for R3338wx and the commercial com hybrid and slower for SC283 and the 
commercial sorghum hybrid. Significant differences were detected between the floury P721 
and the corneous SC283, regardless of grind. The assay was less discriminating in detecting 
rate differences between waxy R3338wx and the com hybrid and between the two more 
vitreous cultivars, SC283 and the commercial sorghum hybrid. 
Figure 3. Effect of particle size of a commercial sorghum hybrid on the rate of starch 
digestibility. 
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Figure 4. Effect of sorghum and com cultivars milled into whole grain flour, gritflour 
and grits (600-840 p.) on starch digestibility. 
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The in vitro assay did detect significant differences (p<.02) in the whole grain flours 
between SC283 vs. the commercial com hybrid and between SC283 vs. R3338wx. The rate 
of hydrolysis of P721 was greater than the other cultivars. Hence, whole ground grain, 
gritflour, or grits could be utilized to differentiate starch digestibility of sorghum cultivars. 
Effect of aelatination on starch dispersion and diaestibility. The physicochemical form of 
starch affects the rate and extent of its hydrolysis by amyloytic enzymes (Ring, et aI., 1988). 
Processing and storage of starch based foods/feeds also cause transformations that affect its 
hydrolysis (Figure 5). Many processes involve heating cereals with water. The starch 
granules swell, amylose disperses, and amylopectin crystallites melt (or gelatinize) as the 
temperature rises to > 75"C. The gelatinization tem£erature rises and the extent of starch 
dispersion decreases as the water content decreases (Slade and Levine, 1988). True 
molecular dispersion and sQlubilization of only 10 to 30% of the starch occurs at 100·C even 
with excess water (Jackson et al., 1988). In most foods/feeds a range of starch forms may be 
found immediately after processing, i.e., ranging from native, crystalline granules to swollen 
granules to completely gelatinized, mostly-dispersed masses of starch (Ring et. aI., 1988). 
Immediately, the gelatinized partially-dispersed starch begins to reassociate or 
retrograde (Ring et. al., 1988). Amylose rapidly complexes with lipids or associates with 
other amylose molecules. Amylopectin recrystallizatIOn, however, is significant only at high 
solids levels (~ 30%). Such levels of amylopectin occurs in many foods and feeds during 
processing. The result of reassociation or retrogradation of amylose and amylopectin is to 
decrease the rate and extent of starch hydrolysis during digestion (Englyst and MacFarlane, 
1986). The observation that certain food processes encourage the formation of enzyme 
resistant starch is significant. This is viewed as a mechanism to increase the dietary fiber 
content of foods (LeFrancois, 1989). The obvious nutritional significance is that less starch 
is being utilized for energy or growth. This is exhibited by the decreased rates of starch 
hydrolysis of commercial cereal based products (Table 3). 
Table 3. CarboJ;!ydrate composition and in vitro rate of starch hydrolysis of cereal-based 
foods. 
s;rrs Starch Starch Hydrolysis 
Product ( g) (g/Kg) in 30 min (%) 
Native Starch 1 963 4.3 
Cookies 236 625 30.0 
Muesli 261 437 33.9 
Wholemeal Bread 46 426 46.1 
White Bread 42 576 53.7 
Wholemeal Toast 55 658 60.2 
Cracker 13 748 61.0 
Toast 48 673 67.6 
Crispbread. 69 757 85.7 
* Adapted from LeFrancois, 1989. 
T~, a stiff porridge ~repar~d from c.ereal ~(:)Urs, provides another example of how 
processmg affects starch dIsperSIOn and dIgestibIlIty (Bello et aI., 1989). To is about 15-19% 
flour and the rest is water. Starch solubility at 35"C decreased as the flour was cooked, held 
and cooled (Figure 6). 
Figure 5. The general effect of processing on the rate and extent of starch hydrolysis. 
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Rate of starch hydrolysis increases as cereal flour is processed, even after cooling and 
extensive reassociation of starch molecules (Ring et al., 1988). However, the reassociation 
and retrogradation of starch during processing cause the formation of enzyme resistant 
starch and a decreased extent of starch hydrolysis. 
Conclusion. Thus, digestibility of raw cereal starch is not significantly. limited by the. 
structure of the native starch granule. The structure of the cereal gram (both protem and 
cell wall structures) limit the hydrolysis of starch, with proteins causing the largest effect. 
Smaller particle size of cereal grits yielded increased rates of starch hydrolysis. 
Processing of cereals for food/feeds usually includes heating in the prese.nce of water. 
This causes gelatinization of some of the starch, followed by some retrogradatIon of starch 
and the formation of indigestible starch components. Hence, processing increases the rate 
of starch hydrolysis but decreases the extent of starch hydrolysis. 
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THE NATURE AND AMELIORATION OF THE ANTINUTRITIONAL EFFECfS OF 
TANNINS IN SORGHUM GRAIN 
Larry G. Butler 
Department of Biochemistry, 
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Abstract. The grain of many sorghum~ does not contain tannin .. Sorgh,,!ms which do contain 
tannin seem to be less susceptIble to bIrd ~nd mold dama~~. ~gh .tanrun s~rghums . 
generally give lower growth rates and effiCIency of feed utilizatIOn m expenmental arumals 
than do low tannin sorghums. In most cases no threshold level of tannin has been 
established. A wide variety of processing and/or supplementation techniques have been 
developed for overcoming these antinutritional effects. Some of these techniques can be 
incorporated into conventional feed processing with little additional expense. In the long 
run, development of bird- and mold-resistant sorghums with good nutritional value could 
eliminate special processing and make available sorghums with better nutritional value in 
areas where only traditional high tannin sorghums have previously been produced. 
Introduction. Sorghum is unique among the cereals, even among the staple foods, for its 
capacity to produce th~ polymeric polyphenols known as "tannins". Other dietary 
components (tea, betel quid, etc) may contain higher levels of tannin than sorghum, but 
these are not major sources of protein and/or energy. Other dietary staples such as pulses 
contain tannin at levels considerably lower than are present in some sorghums (Price et aI, 
1980a). 
Because tannins are secon~ products which have no role in plant growth or 
reproduction, sorghum cultivars whIch do not produce tannin are fully viable. In published 
surveys of tannin content of sorghum genotypes chosen without regard for their origin, less 
than half of the genotypes characterized contain significant levels of tannin (Axtell et aI, 
1975; Butler, 1982a; Watterson and Butler, 1983). Presumably this is due to breeders' 
selection against tannin because of its association with undesirable characteristics such as 
astringency or dark coloration, even before the antinutritional effects were recognized. But 
in several areas of the world, high tannin sorghums predominate (Axtell et aI, 1975). 
The continued production of high tannin sorghums is a reflection of the agronomic 
benefits which are perceived to be associated with the occurrence of tannin. Sorghums 
relatively rich in tannin are generally more resistant to grain-eating birds, to molds and 
weathering and possibly to other production constraints, than are tannin-free sorghums 
(Butler,1989a). These beneficial effects associated with tannin ensure that high tannin 
sorghums will be continue to be produced in certain pest-ridden areas of the world for the 
near future. The antinutritional effects associated WIth high tannin sorghums must therefo,e 
be addressed in any effort to improve the nutritional value of this important crop. 
This paper summarizes the antinutritional effects of high tannin sorghums as 
currently understood, as well as the measures which have been developed to overcome 
them. The chemistry and biosynthesis of plant polyphenols in general is the focus of a 
recent monograph (Haslam, 1989). Sorghum polyphenols, which are not all tannins, have 
been more specifically reviewed (Butler, 1989a). The chemistry and significance of 
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condensed tannins, such as those present in sorghum, are the focus of a recent book 
(Hemingway and Karchesy, 1989). Various aspects of the antinutritional effects of tannins 
have been reviewed by Salunkhe et al (1982), Mehansho et al (1987a), Haslam and Lilley 
(1988), Butler (1989b,c) and Salunkhe et aI, (1990). 
What are sorihum tannins? Sorghum tannins are chemically defined as phenol-rich 
polymers offlavan-3-o1 (catechin or epicatechin) units (Gupta and Haslam, 1978; Brandon 
et aI, 1982). These are condensed tannins, aIso known as proanthocyanidins; the 
hydrolyzable tannins (tannic acids) are not found in sorghum. All sorghums, not just those 
rich in tannin, produce other pOlyphenols such as phenolic acids, flavonoids, lignins, and 
hydroquinones (Doherty, et aI, 1987; Butler, 1989a). The general term "polyphenols" should 
therefore not be equated with "tannins" (Haslam, 1989). 
Sorghum tannins apparently occur only in the pericarp and testa layers of the seed 
coat (Reichert et aI, 1980; Hahn and Rooney, 1986) and in the glumes (Doherty et aI, 1987). 
Tannms apparently do not occur in the endosperm (Hahn and Rooney, 1986) or in other 
tissues of the sorghum plant (Watterson and Butler, 1983). In a sample of grain from a 
tannin-containing sorghum cultivar, the smallest seeds have the highest tannin content 
because they have a greater proportionate area of seed coat (Butler, 1982a). In high tannin 
sorghum grain the most abundant polyphenol is tannin (Butler, 1982a). 
The absolute amount of tannin present in a grain sample is virtually impossible to 
determine because a significant and perhaps major proportion cannot be extracted and 
assayed (Hahn and Rooney, 1986; Reed, 1987). The longer, more highly polymerized 
tannin molecules which accumulate late in seed development (Butler, 1982b) are the most 
difficult to extract (Hahn and Rooney, 1986). This factor may account for the diminished 
amount of tannin extractable from many sorghums as the grain matures (Hahn and Rooney, 
1986 and references therein). 
Different assays are likely to yield different values for the amount of tannin extracted 
because they res{>Ond to different chemical aspects of tannin molecules and because of the 
use of inappropnate standards instead of purified sorghum tannin (Hagerman and Butler, 
1989), WhICh is difficult to obtain (Hagerman and Butler, 1980). Mature grain of most high 
tannm sorghums probably contains no more than 3% extractable tannin. Reports of much 
higher levels (Hoshino and Duncan, 1981) are probably due to the confoundmg factors 
mentioned above. Appropriate assays for sorghum tannin have recently been reviewed 
(Hagerman and Butler, 1989). 
What are the nutritional effects of sorihum tannins? Nutritional studies of sorghum tannins 
are difficult for many reasons. Extraction and purification of sorghum tannin is so laborious 
(Hagerman and Butler, 1980) that addition of pure sorghum tannin to defined diets is not 
practical. Most experiments are therefore carried out by comparing the nutritional effects 
of high tannin sor¥hums with those of tannin-free or low tannin sorghums. Generally only 
high and low tannm sorghums are compared, rather than utilizing a continuum of tannin 
• concentrations. It is likely but not certain that the effects observed are due to differences in 
the amount of tannin fed. Non-tannin components exclusively occurring with tannins could 
be responsible for the effects. Sorghum genotypes differ signIficantly in the particular 
mixture of tannin components which are present (Brandon, et aI, 1982; Self, et aI, 1986), and 
the same genotype may produce different mixtures at different locations (Hahn and 
Rooney, 1986).- Because of experimental constraints, many of the studies are carried out 
with laboratory animals such as rats. No studies of the effect of sorghum tannins on humans 
have been reported. 
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The major nutritional effects reported for sorghum tannin are diminished growth rate 
and diminished efficiency of feed utilization. Perhaps not surprisingly for a material 
considered to be a feeding deterrent for wild herbivores, sorghum tannins are also often 
reported to depress food consumption. However, animals consuming tannin and therefore 
growing more slowly eat less food because they are smaller, not necessarily because it 
contains tannin. When consumption is calculated on an equal weight basis (relative 
consumption rates) instead of an individual animal basis, consumption is generally little 
affected by tannin, and may even be somewhat increased. Clearly, when animals have no 
choice but to eat tannin-containing sorghums, the resulting growth depression is not due to 
failure to eat the diet, but the failure to utilize and grow on what they eat. When animals 
have a choice, as wild animals usually do, they generally tend to avoid tannin-containing 
diets, so tannin does seem to be an effective deterrent to herbivory. 
The nutritional effects of sorghum tannin will be discussed separately for rodents, 
swine, ruminants, and poultry. Effects of tannin from other sources will not be addressed 
here, but are covered in the reviews cited above. 
Rodents. Maxson et al (1973a) found no effect of sorghum tannin on rat feed consumption 
and growth rate, but did observe a significant depression of dry matter digestibility. In the 
absence of tannin, red vs tan plant color had no effect. In vitro inhibition of alpha-amylase 
correlated with brown pericarp color better than with tannin content. Jambunathan and 
Mertz (1983) reported that sorghum tannin depressed feed consumption and growth rate 
and altered the distrIbution of protein fractions of the grain. Recalculation of the data 
shows no depression of relative consumption rate by the tannin. Dreyer and Van Niekerk 
(1974) decorticated high tannin sorghum, extracted some of the tannin from the seed coat 
with alcohol, and added the extracted residue back to the diet. They observed improved 
growth rate and protein digestibility compared to the unextracted controls, although not all 
the differences could be attnbuted to tannin. Differences were also observed with respect 
to liver lipid content but could not be due to dietary tannin because lipid levels tended to 
increase on tannin extraction. 
Featherston and Rogler (1975) reported that rat growth rate, feed utilization 
efficiency, and protein and energy digestibility of high tannin sorghum improved after 
extraction of the whole grain with alkali and hot water to remove tannin. Supplementation 
with L-methionine or its hydroxy analog did not overcome the effects of tannin. Martin-
Tanguy et al (1976) showed that the utilization by rats of N, energy, and dry matter were 
reduced proportionately to the tannin content of the sorghum grain being consumed, with N 
utilization most strongly inlubited. Most significantly, they found that the greatest 
depression of N utilization was caused by sorghum cultivars with relatively short tannin 
molecules, and that the tannins did not inhibit digestion so much as they inhibited metabolic 
utilization of amino acids (digested protein). 
Sell et al (1985) showed that high tannin sorghum does not cause histopathological 
lesions in the rat intestinal tract. Rogler et al (1985) showed that the depressed rat growth 
rate and feed utilization efficiency due to sorghum tannin could be overcome by 
supplementation with intact soy protein (or in other experiments not reported, with intact 
gelatin) but that supplementation with the equivalent free amino acids (pre-digested 
protein) did not overcome the effect of tannin. RogIer et al (1985) concluded that "reduced 
protein digestibility is not the primary reason for the reduced growth rate observed by 
feeding high tannin sorghum.' 
Hamsters were found to be more sensitive to high tannin sorghum than are rats, 
failing to grow at all on a diet to which rats readily adapt and grow (Mehansho et aI, 1987b). 
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Unlike rats, hamsters are unable to respond to high tannin sorghums by producing 
protective tannin-binding proline-rich salivary J?roteins (Mehansho, et al, 1985, 1987b). 
After 6 months in a juvenile condition on the hIgh tannin sorghum diet, hamsters resumed 
normal growth rate when switched to a diet of low tannin sorghum (Mehansho et al, 1987b). 
Swine. Several studies of the effect of high tannin sorghum on swine have found reduced 
growth rate and feed utilization (Almond et ai, 1979; Kondos and Foale, 1983; Myer and 
Gorbet, 1985). Others found only minor effects (Mitaru et ai, 1984a). Feed consumption 
was little affected. The most complete investigatIOn of the effect of high tannin sorghums on 
swine was that of Cousins et al (1981). High tannin sorghum did not affect weight gain, but 
feed consumption was increased and feed utilization effiCiency was decreased. 
Digestibilities of dry matter, N, and energy were diminished on the high tannin diet, whether 
measured at the ileum or in the feces. Comparing the individual amino acids, high tannin 
sor~hum diminished the digestibility of proline and glycine considerably more than the other 
ammo acids. Low apparent J?roline and glycine digestibility is likely due to tannin-enhanced 
loss of endogenous protein nch in these amino acids (Holmes, et ai, 1974; Zebrowska, 1982; 
Mitaru et ai, 1984b; Mole et ai, 1990a 2- Significant differences were observed in the effects 
of two high tannin sorghums with similar levels of tannin (Cousins et al, 1981). 
Ruminants. The effects of tannins on ruminant nutrition were summarized by Kumar and 
Singh (1984). The consequences are complex, in part because of unique effects on rumen 
metabolism. Some effects such as protection against bloat and against rumen proteolysis of 
dietary protein, are beneficial (Butler, 1989b). In vitro studies of gas production and dry 
matter disappearance by rumen microorganisms showed a strong depression by high tannin 
sorghums (Saba et aI, 1972). Compared to a com diet, high tannin sorghum grain was 
reported to give lower weight gains and dry matter and energy digestibility by steers, but 
feed consumption was not diminished (Fox et ai, 1970). Maxson et al (1973b) compared 
high tannin bird resistant sorghums with'low tannin sorghums and com and found that steers 
grew more slowly on the high tannin sorghum but feed consumption was not depressed. The 
digestion of protein and metabolizable energy was inhibited by the tannin. The much 
stronger depression of feed utilization efficiency may have been due to an additional 
systemic effect (Maxson et al, 1973b). 
Poultty. The effects of dietary tannin on poultry are somewhat different than on other 
livestock. Because of a hi~her requirement for dietary protein, supplementary protein must 
be provided, sometimes dIminishing the effect of the tannin. Chang and Fuller (1964) 
reported that growth rate and feed efficiency, but not feed consumption, were depressed by 
high tannin sorghums approximately proportionately to the tannin content. 
Supplementation with high levels of methionine or choline overcame the growth depression, 
presumably by providing methyl groups for detoxification of the phenolic moieties of the 
tannins. Rosta~o et al (1973) found that chick growth rate and feed efficiency were 
depressed by hIgh tannin sorghum, although the effect was diminished in chicks adapted to 
the tannin-containing diet. Chicks on the high tannin sorghum diet develop a bowed leg 
abnormality. The effects of tannin were not overcome by autoclaving the sorghum. 
Immature sorghum assayed higher in tannin content and gave even greater depression of 
growth rate and feed utilization than did mature grain (Rogler and Sell, 1984). As was 
found in rats, supplementation with intact protein overcame the growth inhibition by high 
tannin sorghum, but supplementation by the equivalent free amino acids (predigested 
protein) did not (Rogier et ai, 1985). In chick diets first limiting in methionine, high tannin 
sorghum greatly reduced growth rate, but in diets first limiting in lysine, high tannin sorghum 
did not depress growth rate (Elkin et ai, 1978). The depression of chick weight gain and 
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feed utilization by high tannin sorghum and aflatoxin were found to be additive (Dale et aI, 
1980). Quail are similar to chicks in their sensitivity to dietary ~ .(G~rwood and RogIer, 
1987). Protein digestibility (Muindi and Thomke, 198~) ~n? feed utiliza~lon ~d egg . 
production (Sell et aI, 1983) by mature hens are also.dlmlnlshed by feedmg high tannm 
sorghum. Methionine supplementation at least partially overcomes these effects (Sell and 
RogIer, 1984). 
PhysiololUcal basis for the antinutritional effects. Tannins are widely considered to exert 
their antinutritional effects by inhibiting digestion of dietary proteins: Ta:r:mi~s strongly and 
specifically bind certain proteins (Hagerman and Butler, 1981), and mhlblt VIrtually all 
enzymes in in vitro assays. In many cases, addition of tannin to experimental diets results in 
an increased level of protein in the feces, thus registerins as a decrease in digestibility of 
die~ry protein. Despite: these appax:ent consis.tencie~ Wl~h. t?e role of ta:r:min ~ an inhibitor 
of dietary protein digestion, other eVidence pomts to inhibition of post-digestive, post-
absorptive metabolism as the primary antinutritional mechanism of dietary tannin. 
As descnbed above for rats and chicks (Rogler et al, 1985), supplementation of high 
tannin sorghum diets with predigested protein does not overcome the antinutritional effects, 
so digestion cannot be the major problem. Inhibition of enzymes in vitro is an inadequate 
model of the in vivo effects of tannin, because of competition for binding the tannin in the 
digestive tract by many other proteins and tannin-binding agents (Blytt et al, 1988). The 
increased fecal protein is not undigested dietary protein but endogenous protein (Martin-
Tanguy et al, 1976; Mole et aI, 1990b). The main mechanism by which the tannin of high 
tannin sorghum depresses weight gain and feed utilization of rats (and probably other 
animals) appears to be inhibition of the metabolism of protein and other nutrients after they 
have been disested and absorbed into the body (Mole et aI, 1990b). It is not yet known 
whether this mhibition is caused by polymeric tannins, which would seem to be unlikely to be 
absorbed from the digestive tract, or by a smaller, more readily absorbed component 
associatep4with tannins or degraded from tannins by microorganisms in the digestive tract. 
Feeding C-Iabelled tannin components (Reddy and Butler, 1989) should provide answers 
for these questions. 
How can the antinutritional effects be minimized? Several different approaches for 
alleviation of the antinutritional effects of sorghum tannin have been summarized (Butler, 
1989b; Salunkhe et al, 1990). 
DehulliDl~. Traditional methods for preparing foods from sorghum usually include 
dehullins, often by laborius hand pounding (Scheuring et aI, 1983) which removes most of 
the tanmn along with the seed coat. Mechanical dehulling in a mill likewise removes tannin 
and improves the nutritional quality of the grain (Chibber, et aI, 1978), but high tannin 
sorghums generally have a soft endosperm which results in poor recoveries (Mwasaru et aI, 
1988). Progress is being made on selecting high tannin sorghums with good dehulling 
characteristics (Reichert et al, 1988) and on development of improved milling technology 
(Reichert and Youngs, 1977; Scheuring and Rooney, 1979; Oomah et aI, 1981a,b; Shepherd, 
1981a,b; Wills and Ali, 1983; Sahay and Gandhi, 1985; Ali and Wills, 1986). Chemical 
"dehulling" with concentrated solutions of strong alkalies followed by washing with hot water 
and neutralization with acid (Blessin et aI, 1971; Featherston and RogIer, 1975; Kock et aI, 
1985) diminishes the level of assayable tannin and improves the nutritional value but with 
considerable loss of grain weight. 
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CoolOn". The effects of cooking vary greatly, depending on the particular conditions used. 
Both the role of moisture and the degree of integrity of the grain (in ground grain tannin has 
much greater access to proteins) seem to be crucial (Price et aI, 1980b; Butler, 1982a). The 
results of cooking on the effects of tannin may also be confounded by a decrease in 
digestibility which occurs even in low tannin sorghums when cooked under experimental 
conditions (Axtell et a~ 1981; Hamaker et ai, 1986). 
Dry heat has little effect on assayable tannin or on nutritional quality as influenced by 
tannin (Price et aI, 1978; Glennie et ai, 1982). Micronization of a high tannin sorghum was 
reported to improve the apparent digestibility of dry matter and N, as well as N retention 
when fed to pigs (Savage et ai, 1980). Autoclaving whole grain reduced the assayable tannin 
level by 83% and slightly improved the rat feed utilization efficiency, but there was little 
corresponding improvement in rat weight gains (Price et aI, 1978). Autoclaving ground high 
tannin sorghum grain did not significantly improve chick weight gains or feed utilization 
(Rostagno et ai, 1973). Steam flaking of a high tannin sorghum did significantly improve egg 
production and feed utilization (Weber, 1970). 
Boiling whole grain high tannin sorghum either in water or 0.3% sodium bicarbonate 
followed by drying at 35 degrees C lowered the assayable tannin by up to 60% but rat weight 
gains and feed utilization were not improved at all (Price et aI, 1980b). Boiling diminished 
the protein digestibility of both low and high tannin sorghum by chicks, with the high tannin 
sorghum affected the most (Mitaru et aI, 1985). Various combinations of boiling, drying and 
milling reduced the assayable tannin levels from 30-65% and had relatively little effect on 
the extractability of the various seed protein fractions (Glennie et aI, 1982). Pressure 
cooking was not significantly different from conventional cooking (Glennie et aI, 1982). 
Wetting ground high tannin sorghum grain to make a batter caused 95% of the tannin 
to become extractable after drying at room temperature or after cooking and drying (Price 
et aI, 1980b). Both these materials, cooked and uncooked; gave significantly poorer rat 
weight gains and feed utilization efficiency than did the same sorghum before wetting. In 
other words, making a batter, regardless of whether or not it was cooked, further 
dimininished the already low nutritional quality of the high tannin sorghum. The 
corresponding low tannin sorghum treated in the same way gave uniformly high weight gains 
and feed utilization regardless of treatment (Price et aI, 1980b). When sorghum with a 
moderate level of tannin was cooked into traditional foods, protein digestibility was 
diminished but little effect on energy digestibility was observed (Eggum et aI, 1983). 
These results offer little hope of alleviating the antinutritional effects of sorghum 
tannin by cooking. 
Germination and maltin". Germination effectively lowers the level of tannin extractable 
from high tannin sorghums (Reichert et aI, 1980), but this effect is largely due to the 
diminished extractability of tannin from moist grain. After the germinated grain is dried, 
tannin can be extracted from some genotypes in almost the same amounts as the untreated 
dry grain, while other genotypes remain low in extractable tannin (Butler, 1982a; Okoh et aI, 
1989; Osuntogun et aI, 1989). The effect of germination and malting on the antinutritional 
effects of tannin has not been reported. 
Reconstitution. This term refers to addition of moisture to dry sorghum grain and storing it 
for an extended period of up to 4 weeks. Reichert et al (1980) reported a significant 
decrease in assayable tannin after only 2 days storage of moistened grain under a C02 
atmosphere to inhibit molding. However, these grain samples were not dried before 
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grinding, extraction and tannin assa~, so at l~ast some. of the apparent decrease in tannin 
levels must be due to interference WIth tanrun extractIon by mOIsture. Prolonged storage of 
high tannin sorghum grain to which 25% (by weight) moisture had been added gave tannin 
values, measured on the moist ~ain, of only 5% of those of untreated dry grain. 
Reconstitution for 2 days at 25 C significantly improved rat wei~t gains and feed utilization 
efficiency on high tannin sorghum but had no effect on low tanrun sorghum. Reconstitution 
at 35°C decreased the assayable tannin to a much greater degree but did not further 
improve rat performance (Reichert et aI, 1980). 
Reconstitution for 10 or 20 days of three high tannin sorghums by addition of 25% 
additional moisture, with 2% acetic and propionic acids added to retard molding, resulted in 
improved broiler chicken weight gains, feed utilization, and protein digestibility (Mitaru et 
aI, 1983). These values for the reconstituted high tannin grain did not equal those obtained 
with low tannin sor~um, which was not affected by reconstitution (Mitaru et aI, 1983). 
Reconstitution of high tannin sorghum but not low tannin sorghum similarly improved the 
true digestibility of crude protein and amino acids determined at the terminal ileum of 
broiler cockerels (Mitaru et aI, 1985). Reconstitution with 30% added moisture, plus acetic 
and propionic acids, for 20 days at 25 ° C s.,reatly decreased the assayable tannin content but 
did not Improve the weight gains of pigs (Mitaru et aI, 1984a). Reconstitution under these 
conditions did improve the digestibilities of dry matter, energy, protein and amino acids in 
pig diets (Mitaru et aI, 1984b). 
High tannin sorghum was harvested and stored anaerobically in a high moisture (24-
26% ) condition for 6 months, then fed to swine (Myer et aI, 1985). The level of assayable 
tannm declined 27-30%, but pig daily weight gain was not improved, although feed 
utilization and dry matter and energy digestibilities were slightly improved by reconstitution 
(Myer et aI, 1985). 
Chemical detoxification. Traditional methods of food preparation from high tannin 
sorghums often include exposure to alkaline materials such as wood ash (Doggett, 1988). 
High tannin sorghum grain moistened with a water extract of wood ashes for 3 days, then 
dried, gave values for extractable tannin of only 15% of untreated controls (Price et aI, 
1979). Mukuru et al (1988) found that treatment of a high tannin sorghum from Uganda 
with wood ash accordmg to a local village method resulted in 97% lower levels of 
extractable tannin, improved in vitro pepsin digestibility up to the level of low tannin 
sorghum and significantly higher rat weIght gains. Treatment with mumbala (magadi), a 
Tanzanian alkaline soil, gave similar improvement in high tannin sorghum. Although the 
traditional processing also includes other technologies (germination of the grain and 
fermentation), it was found that the moist alkaline treatment is largely responsible for the 
detoxification of the tannin (Mukuru et aI, 1988). 
As an extension of the traditional alkaline processing, several aqueous alkalies 
including NH40H, NaOH, K2C03 and to a lesser extent, Cao, were found to detoxify high 
tannin sorghum grain (Price et aI, 1979). Ammoniation with dry NH3 gas was less effective 
at reducing the levels of assayable tannin and improving rat and chicK weight gains than was 
ammoniation with dilute aqueous NH40H (Price et aI, 1978). Ammoniation of whole grain 
diminished tannin levels up to 85%, depending upon the tannin assay used, increased the in 
vitro protein digestibility, and virtually eliminated the incidence of a leg development 
abnormality associated with tannin in broiler diets (Price et aI, 1979). Ammoniation is 
particularly effective because it apparently penetrates the seed coat relatively rapidly. 
Butler (1982a) has suggested that optimum detoxification efficiency is obtained by 
treatment with 0.5 liter of 0.1 N NH40H (0.2% NH3) per kg of whole grain for 12-24 hr at 
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room temperature, with or without subsequent drying. Weight gains, but not feed utilization 
efficiency, are usually equivalent to those of low tannin sor~um. Treatment of whole grain 
is much more effective than treatment of ground grain, whIch enhances accessibility of 
tannin to seed proteins. The treated grain has no ammonia odor, and can be readily 
incorporated into formulated feeds (Butler, 1982a). Similar beneficial effects of treatment 
of high tannin sor~ums with aqueous ammonia or other alkalies have been reported in 
independent studIes (Ford and Hewitt, 1979a,b; Reichert et aI, 1980; Muindi et aI, 1981; du 
Preez et aI, 1985). Reconstitution combined with urea treatment was also very effective, 
apparently because of hydrolysis of the urea to ammonia (Russell, 1989). 
Treatment with 1 N HQ was reported to effectively reduce the level of assayable 
tannin, but in order to feed the treated ¥Tain it had to be washed several times with water, 
making this treatment less efficient (ReIchert et aI, 1980). South African high tannin 
sorghums are treated with an aqueous solution of formaldehyde before brewing into beer 
(Daiber and Taylor, 1982). This treatment diminishes the assayable tannin levels (Reichert 
et aI, 1980; Daiber and Taylor, 1982; Glennie et aI, 1982), and oven-drying the treated grain 
reduces them even further (Glennie et aI, 1982). Formaldehyde treatment of hig!l tannin 
sorghum grain improved rat weight gains up to the level of low tannin sorghum (Keichert et 
al,1980). 
Supplementation with tannin-bindina materials. The antinutritional effects of sorghum 
tannin are more severe when levels of dietary protein are suboptimal (Garwood and RogIer, 
1987), so supplementation of the diet with extra protein diminishes the harmful effects 
(Schaffert et aI, 1974). The extra protein mainly serves as a tannin binding agent rather than 
a source of additional amino acids because intact proteins are effective but equivalent free 
amino acids are not, and because proteins low in essential amino acids are as effective as 
proteins relatively rich in essential amino acids (Mehansho, et aI, 1985; RogIer et aI, 1985). 
Supplementation with saponin, a different type of natural tannin-binding material, may also 
be helpful (Freeland et aI, 1985). Supplementation with non-nutritive synthetic tannin-
binding polymers such as polyvinylpyrrolidone (Armstrong et aI, 1973; Wang et aI, 1988) or 
polyethylenegIycol (Ford and Hewett, 1979a,b; Savage et aI, 1980) is similarly effective. 
Supplementation to promote metabolic detoxification. In chicks but not in rats, 
supplementation with L-methionine or its hydroxy analog overcame the antinutritional 
effects of high tannin sorghum (Featherston and RogIer, 1975) but increased the severity of 
the chick leg abnormality associated with tannin (Armstrong et aI, 1973). The beneficial 
effect of methionine is observed only on diets first limiting in methionine, and not on diets 
first limiting in lysine, in wf1f.h tannin does not further depress chick growth (Elkin et aI, 
1978). Chicks dosed with C-methionine excreted 50% more radioactivity if they were 
consuming high tannin sorghum than low tannin sorghum. Supplementation of high tannin 
sorghum diets for chicks with methionine significantly increased dry matter utilization and N 
retention, but had no effect on N digestibility (Elkin et aI, 1978). Methionine 
supplementation of high tannin sorghum diets for laying hens results in improved egg 
production and feed efficiency (Sell and RogIer, 1983). The biochemical basis for the 
beneficial effect of methionine supplementation has not been established, but may involve 
metabolic detoxification utilizing methionine, possibly as a methyl donor. Supplementation 
with phosphate minerals has been reported to partially overcome the effect of high tannin 
sorghum in chick diets (Ibrahim et aI, 1988) but it is doubtful if tannin was actually 
responsible for the effects observed in these experiments. 
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Perspectives for the future. Many questions about the antinutritional effects of sorghum 
tannins and the best approaches for overcoming them remain unanswered. The metabolic 
target of dietary tannins has not been identified. The components of sorghum tannins which 
are apparently taken up from the intestine and which influence the metabolic target have 
not yet been identified. The tannin components ultimately responsible for bird and mold 
resistance have not been identified yet. When these questions have been resolved, it should 
be possible to develop assays for the relevant components and, in cooperation with sorghum 
breeders, screen for desired components, cross appropriate genotypes to obtain these 
components in elite or locally adapted genotypes, and efficiently select simultaneously for 
nutritional quality, mold resistance and bird resistance. 
Until that happy day, there will continue to be a need for methods of processing or 
supplementing high tannin sorghums to effectively ameliorate their antinutritional effects. 
It may be possible to improve current methods until they are so effective and cost-efficient 
that high tannin sorghums will be more profitable to produce than the low tannin sorghums 
which require more inputs. Even if nutritional and economic biases against high tannin 
sorghums are overcome, consumer biases against the color and organoleptic qualities of 
these sorghums may still inhibit their broader usage. These problems may not be entirely 
overcome until the various active components are identified and the plant transformed to 
produce the optimum mix of non-toxic defensive compounds as described above. 
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PROCESSING MEl'HODS TO IMPROVE NUTRITIONAL VALUE OF SORGHUM 
FOR LIVESTOCK 
L.W.Rooney 
Professor 
Cereal Quality Lab, Soil & Crop Science Department 
Texas A&M University 
College Station, Texas 77843-2474 
SummatY. Sorghum [Sotghwn bicolor (L.) Moench] without tannins has at least 95% of the 
feeding value of yellow dent maize for all livestock species. Sorghum must be processed to 
achieve the optimum feed efficiency. Methods of processing range from dry grinding to 
steam flaking, popping, micronizing, reconstitution and early harvC?sting-high moisture 
storage. Processing improves feed efficiency by disrupting the penpheral and corneous 
endosperm cells of the sorghum kernel to expose the components to digestive fluids. 
Sorghum hybrids vary in nutritional value. Brown bird resistant sorghums contain 
condensed tannins and have lower feed efficiency. Sorghums without a pigmented testa do 
not contain any condensed tannins. A clorox bleach test can be used to estimate the number 
of kernels with a pigmented testa present in market samples. 
I have been asked to summarize current information on methods that are used to 
process sorghum for livestock feeds. 
Sorghum kernels have a composition and general structure similar to maize. 
However, subtle differences between sorghum and maize affect relative nutritional value 
(Rooney and Pflugfelder, 1986). 
FeedinK sorKhum to non-ruminants. Sorghum contains 3.2% fat vs. 4.2% fat in com; it has 
slightly less lysine than com and about twice the tI"¥Ptophan. The protein and starch content 
varies greatly depending upon environmental condItions during production. In general, 
sorghum without condensed tannins is considered to have 95% or more of the feeding value 
of yellow dent maize. The smaller kernel of sorghum increases the proportion of peripheral 
endosperm in the grain and the proteins of sorghum contain larger quantities of cross linked 
prolamins than maize. These observations explain why Tanksley and coworkers (Cousins et 
al., 1981; Tanksley and Knabe, 1984) have shown over a period of 30 years that sorghum 
proteins have consistently 5% lower protein digestibilities than yellow dent maize for all 
classes of swine. Sorghum for swine rations is usually ground by hammer milling. More 
sophisticated processing methods, e.g. steam flaking, may increase feed efficiency slightly 
which is offset by increased costs of processing. 
Differences in digestibilities of cereals for poultry are not as dramatic, perhaps 
because the gizzard thoroughly disintegrates the endosperm pieces present in the ration. 
Sor~um's lack of yellow pigments is a disadvantage for countries where yellow pigmented 
broilers and egg yolks are desired. Additional sources of pigments must be incorporated 
into those rations. Otherwise sorghum is an excellent poultry feed. 
Sorghum for pOUltry is processed by dry grinding. No advantages for more 
sophisticated processing of poultry feeds have been shown. In the U.S., most broiler feeds 
are formulated using hammermilled sorghum. The mesh is pelleted and the pellets are 
broken into small particles. The major advantage of feeding granules is that the 
microingredients, antIbiotics, minerals and vitamins, remain thoroughly dispersed 
throughout the feed. When a mash is fed, the minerals and vitamins often separate froID 
other coarse particles of the feed and the poultry do not consume a well balanced diet. 
Sorghum is an excellent grain for poultry feeds when properly supplemented and fed. 
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ProcessinK so[;hum for ruminant feeds. Sorghum is fed to beef cattle in the sorghum belt of 
the U.S.A In exas, Kansas, Oklahoma and Nebraska, feed lots used properly processed 
sorghum for 80 to 90% of the ration. Some feedlots have 100,000 or more cattle requiring 
more than 150 tons of processed sorghum daily. The sorghum must be processed rigorously 
to obtain 95% to 100% of the value of maize. This has led to several sophisticated 
processing methods (Riley, 1984). 
Steam flaking, popping, micronizing, reconstitution, early harvesting and high 
moisture storage are methods used presently (Table 1. Hale, 1973). The most popular with 
large lots is steam flaking because of its convenience and flexibility. The sorghum flake must 
be extremely thin to obtain optimum feed efficiency. Popping and micronizing produce the 
same results as steam flaking. These methods thoroughly disrupt the cellular structure of 
the sorghum kernel to make the starch granules accessible to dIgestion. Protein 
digestIbilities are slightly decreased by wet and dry heat processes while 50% of the starch 
must be gelatinized for optimum processing. 
Reconstitution (Pflugfelder et al., 1986) requires storage of large quantities of wet 
grain for 2-3 weeks which creates logistical and cash flow problems for large feedlots. 
However, it requires reduced equipment and energy for processing. Thus, reconstitution is 
used by smaller feedlots. The storage allows time for hydration, microbial and enzymatic 
hydrolysis of kernel components which results in significant improvement in protein 
digestibility of reconstituted, ground sor~um. Many of these changes weaken the 
peripheral and corneous endosperm which enhances the release of starch granules from the 
protein matrix when the wet grain is ground. For early harvested high moisture grains, the 
protein matrix never becomes tightly bound to the starch because the endosperm is never 
allowed to dry. Thus, the starch granules are efficiently released from the protein during 
grinding. Of all processing methods, only reconstitution and early harvesting actually 
increase the protein digestibility of cereals, especially sorghum. The actual feeding value of 
reconstituted, sround and early harvested, ground sorghum equals that of properly steam 
flaked, microruzed, popped and exploded sorghum. Thus, starch gelatinization is not 
required to increase digestIbility of sorghums for ruminants. Freeing of the protein matrix 
from starch is necessary. 
ImprovinK dii«snbjlity ofsorihum throuih breedjni. In 1965, I joined the Texas 
Agriculture Experiment Station to improve sorghum quality. A major objective was to 
improve the digestIbility of sorghum by making it equivalent to or better than the 
digestIbility of com. Now 25 years later, we have increased the digestibility from 80 to 90% 
of com to 95 to 100% of com when sorghum is properly processed. Heteroyellow and 
yellow endosperm hybrids have contnbuted to the improvement. Processing is essential as 
we have already indIcated. 
Can sorghum be improved in digestibility even further? I personally think it is nearly 
impossible to select for increased digestibility without selecting for sorghums that are 
extremely susceptIble to grain weathering and moulds. Grain moulds, weathering and 
sprouting caused by grain deterioration is the most limiting factor affecting sorghum 
Table 1. Common methods of processing sorghum for use in livestock feed. 
Category 
Mechanical 
action 
Wet process 
Heat and 
moisture 
Hot dry heat 
Process 
Grinding/ 
rolling 
Reconstitution 
Early Harvest 
Soaking 
Steam rolling 
Steam flaking 
Pelleting 
Exploding 
Popping 
Micronizing 
Type of 
Procedure 
Particle size reduction using hammer, 
plate, pin, or roller mills. 
Increase grain moisture to 25-30'. Wet 
grain is anaerobically stored for 2-3 
weeks prior to grinding and feeding. 
Grain is harvested at 20-30' moisture 
and stored anaerobically or with organic 
acids (i.e., propionic). Grain is ground 
prior to or after storage. 
Soak grain in water for 12-24 hours. 
Feed whole or crushed. 
Grain subjected to live steam (180 
degrees F) 3-5 minutes then rolled. 
Grain exposed to high moisture steam 
for 5-15 minutes to reach l8-20t 
moisture. Then grain is rolled to 
desired flake thickness. 
Ground grain is conditioned with steam, 
forced through dye and pellets are 
cooled. 
Grain exposed to high pressure steam, 
the starch is gelatinized, the pressure 
is decreased and rapid expansion of 
the kernel occurs. 
Hot, dry air expansion of grain. 
Bulk density is low. Density is 
increased by spraying with water and 
sometimes rolling. 
Heat grain with gas-fired infrared 
burners to the point of eversion 
followed by rolling through a roller 
mill. 
Characteristics 
Most commonly used, least expensive. 
Increase feed efficiency and digestibility 
by 10-20t of whole grain. 
Improves feed efficiency about 10-15t 
over dry ground grain due to higher 
protein and energy digestibility. 
Similar to reconstitution. 
Tendency for grain to ferment or sour. 
Only limited use. 
Slight increase over dry rolling. 
Reduces fines and dust. 
Most common method in feed lots. 
Thin flaking of sorghum increases 
digestibility and feed efficiency equal to 
that of reconstitution. 
Reduces dust, improves palatability, 
uniformity, and handling of feeds. 
Prevents egregation of micronutrients. 
Similar to puffing of cereals for 
breakfast foods. Feed efficiency is 
similar to steam-flaked or reconstituted 
grain. 
Ruptures endosperm increasing starch 
availability. Feed efficiency is similar 
to steam flaking or reconstitution. 
Feed efficiency similar to steam flaking, 
exploding or popping. Bulk density 
similar to steam-flaked grain. 
production worldwide. Since the sorghum kernel is exposed to inclement conditions, it is 
extremely susceptible to deterioration. 
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Numerous studies have found that soft, floury endosperm texture sorghums have the 
greatest in vitro and in vivo digestibilities. However, these types have low density soft 
endosperm, take up water readily and are rapidly destroyed by moulds and weathering. 
Thus, breeding soft, floury sorghums is not a viable objective to enhance sorghum 
digestibility. Seed germination and vigor are adversely affected by moulds and weathering. 
It is quite safe to speculate that the most digestible sorghum is the line that does not emerge 
the next year after weathering occurs in the breeding nursery. 
Waxy sorghums have enhanced starch digestibilities but they have poor seed 
germination and vigor. Some yellow endosperm sorghums have reduced seed vigor. To me 
this is good evidence that these types are more easily digested. Waxy and yellow endosperm 
sorghums vary significantly in seed vigor and emergence. The waxy sorghums afford a 
significant opportunity to improve sorghum digestibility for ruminants because they respond 
very favorably to processing. The effect of waxy starch on human digestIbility is unknown. 
The waxy grain is preferred in South East Asia; but, it would create adverse texture in many 
common African food products. 
Since soft, floury, waxy andlor yellow endosperm sorghums are undesirable because 
they are susceptible to moulds and weathering, the best solution to enhanced digestibility is 
to develop high yielding, hard endosperm sorghums that respond well to processing. This 
approach will give the quickest, most meaningful results for food and feed use of sorghums. 
Hard sorghums are necessary for optimum mould and weathering resistance and for 
abrasive decortication which is commonly used in Africa and Asia. 
The greatest priority for nutritional improvement of sorghum is to enhance its content 
of lysine, in a kernel that is hard, with good processing properties and yields equivalent to 
the best hybrids. The high lysine sorghum could be processed to enhance its digestibility. 
More knowledge of the factors affecting digestibility as related to endosperm texture and 
protein interactions is needed. 
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CROP QUALITY, NUTRITION AND AGRO-INDUSTRIES 
Joseph H. Hulse 
Introduction. The essential hypothesis is predicated on several premises: 
2 All food crops are in varying degree~ perishable; .. III Food has no nutritive value until it is eaten and digested; 3 Processing makes mature whole grams palatable and more digestIble; 4 Urban dwellers depend significantly upon food processors and distrIbutors; both rural 
and urban women welcome the convenience of industrially processed grains; 
(5) Low-income consumers show greatest preference for familiar foods, foods which long 
experience assures them are satisfying and safe; 
(6) Poverty is the main cause of malnutrition; among the poorest are the unemployed, the 
landless and small-holder farmers in the Semi-arid tropics; 
(7) Agro-industries provide employment and assured markets for farm produce and 
thereby stimulate grain production. 
Food must be eaten and diaested. To state that food must be eaten and digested to give 
nutritional benefit may seem a trite platitude. Nonetheless the fact has been overlooked in 
some past nutritional programs. Many protein-enriched foods offered by various aid 
programs never progressed beyond an experimental stage. Among many reasons some 
were particularly evident: 
a. Those who offered them either did not clearly identify for whom they were intended; 
or if those they were expected to benefit would find them acceptable. 
b. There was little consideration of whether the protein-enriched foods were intended as 
commercially viable products or as vehicles of social welfare. 
c. Excessive reliance upon donor-devised processing technologies and laboratory 
determinations of nutritional quality; insufficient understanding of the socioeconomic, 
cultural and psychological factors that influence what people eat and why they eat 
what they eat. 
Studies of human biochemistry and physiology have thrown valuable light on what 
nutrients are essential but tell us little about why people eat what they eat; why they accept 
some foods and reject others; about what will motivate people to change their eating habits. 
There are many examples to illustrate that a nutritionally improved traditional staple food 
may be rejected if by addition of protein or other nutrient it is noticeably altered in 
appearance, flavour and/or cooking quality. During World War II the British government 
legislated that all wheat flour be of long extraction and that calcium carbonate be added to 
offset the higher content of phytate phosphorus. This nutritionally superior flour was never 
gladly accepted, the bread made from it looked and tasted different from what the nation 
was used to. After hostilities ended Britain reverted to 72% extraction. Soon after WWII, 
the USA, Canada and Britain introduced fortification of flour with nboflavin, niacin, 
thiamin and iron, which encountered little opposition since the additions were not 
noticeable to consumers. 
It is probable that the addition of oat and other fibre to cereals is readily accepted 
because little change in appearance or flavour is evident. The majority of us are 
conservative in our eating habits. When we insist that we know what we like, we most often 
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mean that we like what we know and what long past experience indicates likes us: what is 
pleasant and comfortable to our palates and our digestIve systems. 
There is relatively little systematically recorded ethnographic analytical research on 
the food habits of poor people in developing countries. There are various descriptive 
observations of variations in food availability among and within communities and families, 
and during different seasons of the year. Not many reported studies display the dedication 
and persistence of Dr. Pushpamma and her colleagues in their work with poor rural people 
in Andhra Pradesh. 
Food lWlins are perishable. In comparison with plant breeding and agronomy, investment 
in research and development on Post-production systems in developing countries is very 
small, fragmented and uncoordinated. Substantial loss of macro- and micro nutrients can 
result from inefficient protection, preservation and processing of crops after harvest. 
Qualitative losses can be more nutritionally detrimental than what is revealed by loss in 
weight. 
All too often, intended improvements in on-farm and community grain storage have 
been adversely prejudiced by ill-conceived transfers of technOlogy. Early in the 1970s 
several donors offered different grain storage systems to sorghum growers in West Africa. 
Grain in round metal silos from one donor was cooked as moisture migrated to the center as 
the walls were heated by the sun. A second provided do-it-yourself kits to build concrete 
bins. None of the farmers had access to the foreign currency needed to import the essential 
materials. A third donor built subterranean hermetically sealed bins, most of which cracked 
as the subsoil shifted, and though easy to fill were impossible to empty. Another hermetic 
device employed used oil drums which ceased to be hermetic as the rims and lids were 
damaged and distorted and the rubber sealing gaskets perished. Three donors proposed 
three different pesticide treatments in sealed plastic bags, metal or rubber drums. 
Since none of the donors' devices were practical or economic a group of West 
Africans examined how traditional silos made of woven sorghum stalks, covered with an 
overhanging lid of thatch could be designed and used most efficiently; by what means the 
critical factors of water activity, oxygen content and temperature could be effectively 
controlled. In the system they eventually recommended, unthreshed grain was dried on 
racks tilted to receive maximum insulation and optimum air flow from prevailing winds. 
Dried grain was threshed and filled into bins before sunrise when the temperature was 
lowest. Oean sand and/or wood ash was mixed in to fill the interstices and thereby reduce 
oxygen. Dried leaves of local plants discovered empirically to have insecticidal properties 
were mixed with the sand and ash. Temperature gradients were minimized by giving the lids 
an overhang large enough to protect the bin walls from the sun and by making the height 
equal to the diameter. Bins were raised off the ground and fitted with concave metal guards 
to keep out rodents. When installed, maintained and used as recommended, the system was 
an efficient, more easily constructed and less expensive than any of the exotic devices 
proposed by the donors. 
Technology depends upon innovation. But innovation must be relevant to need, 
opportunity and resources available, whether the innovator's purpose is a nutritionally 
improved food, a storage system or a processing technology. 
Processin~. Before it is eaten sorghum has to be processed: milled, fractionated, mixed, 
cooked and/or baked. During the past decade more than twenty small-scale sorghum 
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milling systems have been encountered, including both ancient and relatively modem. They 
include the following: 
a. Human power: Pestle and ~'?rtar; Saddle stone; Rotary quem; . 
b. Mechanical: Abrasion, AttntlOn; Impact, Hammer, Break-and-reduction. 
Most are of empirical. design or have ad~pte~ an existing t;nachine .designed ~or 
another purpose to the milling of sorghum. Smce m many locatiOns, unlike wheat m North 
Am~rica, sorghum is not carefully graded acc:ording to seed size.a~d shape, mills. designed 
for sIZe-graded grains are not usually well-swted for sorghum milling. The need IS apparent 
for less reliance upon empiricism and more ~rceptive and precise examination and analysis 
of grain structure and composition; a variability in size, shape, hardness and proportions of 
components. A mill can then be designed suitable for the grain to be milled, made up of 
components that can be constructed and maintained where the mill is to be built and 
operated. To asSure greatest efficiency and least economic and nutritional loss in milling 
requires cooperation in the future between sorghum breeders and bio-engineers. Equally 
needed is the pragmatic attention of nutritionists since there seems to be little systematic 
information on quantitative or qualitative nutrient losses suffered during milling or other 
forms of processing. 
Urban dependence on processed foods. Early in the next century, more than 50 percent of 
developing country populations wiIllive in cities. It is forecast there will be at least 35 cities 
in Africa each with over 4 million inhabitants. Rural people can grow and domestically 
process most of their food needs. Inhabitants of large towns and cities are more dependent 
upon food processing and distributing industries. Studies in West Africa have shown that 
many rural women in the Semi-arid tropics devote at least 5 hours each day to hand-
pounding grain. There is a noticeable spread of small sorghum mills in the rural areas of 
several African countries. Not all are equally efficient in design or operation, and technical 
advisory and extension services could be beneficial in many locations. 
Imports of cereal grains into developing countries have increased by more than 60% 
over the past decade. Evidence suggests that the imported grain is used mainly in yeast-
raised bread and animal feeds. Increasing consumption of yeast-raised bread is particularly 
evident in the cities and since bread wheats are not well adapted to most tropical 
environments, dependence upon imports, with concomitant drain on scarce foreign 
exchange reserves, is of serious consequence. 
Composite flours. Though the name can be applied to any mixture of particulate materials 
derived from food crops, "composite flours" most often refers to mixtures of wheat flour 
with other cereals or root starches. While much of the published work appears more 
empirical than fundamental, several studies indicate the feasibility of substituting 30 percent 
or more of imported bread wheat by sorghum flour. What seems needed are systematic 
studies to determine the compatibility of the starch, protein and lipoprotein from different 
sorghum genotypes with related wheat components and of the possible influence on water 
absorption and dough strength of added pentosans and hemi-cellulose gums. Based upon 
earlier work, it would be useful systematically to examine simple means of mechanical 
dough development of wheat-sorghum composites. 
Anjmal feed. The ~dustrial output of animal feeds is expanding rapidly in a number of 
Third World countries; at least three-quarters of the grain used is being imported while 
substantial quantities of crop residues and agricultural by-products are wasted. ICRISAT 
has sensibly embarked on a forage sorghum program in Africa. In addition there is need for 
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research to achieve whole crop utilization, research requiring the coordinated cooperation 
of sorghum breeders, human and animal nutritionists, food and feed technologists. 
Quality and acceptability. What is meant by food quality depends upon who is speaking 
about it. Though they make little reference to nutritional quality, N. American grading 
standards are well-defined for wheat and other commercially processed grains that enter 
into international trade. In countries where sorghum is an important food grain, grading 
standards are at best rudimentary, a state unlikely to change until processing industries 
become well-established. Among the industrialized economies, the milling and other cereal 
processing industries ensure that grading standards, which bear upon price and utility, are 
prescnbed and enforced. 
Consumers concepts of Quality. Food industries invest heavily to determine and interpret 
consumers' elusive concepts of food quality. Because they dare not risk their meagre 
resources on a novel food that might prove unpleasant poor people are generally most 
resistant to change. Most published studies of consumer attitudes and buying habits come 
from N. America and Europe. Results from two recent reviews, one in the US and one in 
UK came to similar conclusions. Consumers' principal concerns were expressed in the 
following order of priority: Food must be: a) safe to eat; b) pleasant and convenient; and 
3) reasonably priced. 
Lowest priority by all respondents was for food products that are "new and different". This 
illustrates why most food companies invest more on Market Research, to try to discover 
customers preferences, and on Operations Research to improve their processing and 
delivery systems, than on new product development. It raises the question: why some aid 
programs and their technical advisers appear more devoted to product and process 
mnovation than to studies of consumers' needs and resources, and technical assistance to 
improve existing technologies, processing and distnbution systems. 
It might be c:xpected that the consumers first concern would be that the food they buy 
is safe to eat. In Europe and N America, in order of frequency, the principal sources of 
food-borne illness are: 
a) Microbial infections and intoxications; 
b) Contamination from polluted air, soil, water 
c) Toxicants and anti-nutrients synthesized by food crops. 
Our assurance that the cereal foods we eat are safe is based on their being derived 
from species and genotypes that have been in human diets for many centuries. Intoxicants 
and anti-nutrients synthesized by plants, often for their own protection were discovered by 
perception and empiricism and later identified by analysis. 
All of the CGIAR/lARCS and other plant breeding centers now have the tools of 
transgenesis by which to make wide-crosses between cultivated and wild species. The 
common purpose is to transfer pest and pathogen resistance from the wild to the cultivated. 
In all such manipulations, there must be demonstrable assurance that resistant traits 
transferred do not bring with them inheritable characters that are nutritionally undesirable. 
It is easier to demonstrate what is potentially harmful: an acute intoxicant or virulent 
pathogen, than what will be safe at expected levels of ingestion for all consumers under all 
circumstances. Suggested protocols to assess safety in foods generated by novel 
biotechnologies and transgenesis have been proposed by the International Food 
Biotechnology Council which has its headquarters in Washington. 
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PovertY malnutrition and unemployment. Malnutrition most often results from poverty. 
The unemployed, landless and resource-poor subsistence farmers suffer the most abject 
poverty. Many of these poor people live in the semi-arid tropics and depend for their food 
energy upon sorghum and millets. Malnutrition will persist as long as poverty persists. 
Poverty IS alleviated by providing paid employment for the unemployed, and adequate 
compensation to farmers for their harvested crops. 
Social and economic histories strongly suggest that industries which process and 
market the products of agriculture are among the most stable and least cyclical. They are 
constrained neither by size nor location: small-scale dispersed processing units are economic 
and efficient for scattered rural populations; large-scale centralized factories may best serve 
dense urban populations. Agro-industries offer employment to skilled, semi-skilled and 
unskilled workers. In several developing countries food processing and other agro-
industries employ the largest sector of the industrial work force. They employ many women 
and offer both post-harvest seasonal and full-time employment. They provide an assured 
market for food grains. The introduction of small-scale grain mills in Botswana has 
stimulated increased local production of sorghum and reduced imports of maize meal milled 
in South Africa. 
ICRISATs Africa promm. During its early years, ICRISATs biochemistry program was 
largely confined to analyses of its cereal lines for protein and lysine, of its pulses for protein 
and S-amino acids, and of groundnuts for oil content. ICRISAT has launched an 
imaginative program to expand and diversify the use of sorghum in processed foods, for feed 
and non-food applications, in eastern and southern Africa. 
Sorghum is an important crop in all the SADCC countries. Except in Zimbabwe 
where it is grown for the brewing industry, sorghum is mostly a small-scale non-industrial 
crop. Most SADCC nations are net importers of cereal grams, and though sorghum 
production could be significantly increased, this is unlikely to happen until sorghum 
becomes an industrial rather than a subsistence crop. Mechanical dehulling and grinding of 
sorghum in small mills is gradually developing throughout the SADCC region. 
ICRISAT has established a Food Technology/Crop Utilization Unit with the following 
facilities: 
a) Laboratories for analyses and assessment of functional properties on cereal grains and 
their products; and for product development. 
b) Pilot plant with facilities for milling, baking, brewing and extension teChnologies, and 
to be a t.ech?ical service un~t ~or government and private sector organizations. 
c) The Urnt will serve as a trammg center and reference laboratory for standardization of 
analytical methods. . 
ICRISAT has fostered cooperation with food processing industries and deserves 
encouragement and support for its imaginative initiative to bring about the metamorphosis 
of sorghum from a poor subsistence crop to a grain of broad commercial utility. 
TRADmONAL FOOD GRAIN PROCESSING METHODS IN AFRICA 
S.Z.Mukuru 
Principal Sorghum and Millet Breeder 
Eastern Africa Regional Cereals and Legumes Program (EARCAL) 
P.O. Box 30786; Nairob~ Kenya 
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Food grains in Africa are traditionally processed to remove fibrous and often colored 
pericarp and testa layers and to reduce the grain into flour used to prepare a variety of 
traditional foods and beverages. Grain processing methods, especially those for traditional 
~ such as sorghum and millet evolved over the centuries and. vary slightly from village to 
village depending on local customs and culture, types of food grams produced and food 
habits. Iri almost all of the cases the food grain processing methods which have evolved are 
simple but effective and significantly improve the acceptability and quality of the food 
products prepared. The equipment used in processing are equally slDlple and readily 
available and affordable. In this paper some of the known and documented food grain 
processing methods in Africa and their effect on nutritional quality will be reviewed and 
discussed. 
Traditional implements used in food jUain processini. An array of traditional implements 
locally produced and marketed are used in food grain processing at the household level. 
The most commonly used implements throughout the continent are listed below: 
1. Mortar and pestle: These are skillfully curved out of wood and used by almost every 
household to clean, dehull or grind food grains into flour or paste. The dimension of 
the mortar is estimated to be about 50 - 70 em high with a diameter of about 30 cm. 
The pestle is estimated to weigh about 3 kg, is about 1.2 m long, 6 em in diameter with 
a bulbous end, one more pointed than the other (10). 
2. Grindigi stones: These are skillfully curved out of stones and used to grind food 
grains into flour or paste. The grinding stone mill consists of a stone slab, often fluted, 
usually placed on leveling stones so that it slopes away from the operator who sits, 
kneels or squats behind it and rolls the grain with a rounder roller. A dish or mat is 
placed in front to receive the ground material (10). In Ethiopia (9) the dimension of 
the grinding stone is about 80 em x 40 cm for the bottom stone and 20 cm x 20 cm for 
the small top stone. In Nigeria (14) the dimension of the bottom stone is about 50 cm 
long and 30 - 40 em wide. 
3. Other implements used in processing food grains are winnowing baskets, pots, mats 
for drying processed grain, sieves for sieving flour and large baskets for storing 
processed grain. 
Geanini the jUain. Sorghum is generally threshed by hand using wooden sticks. In areas 
where sorghum panicles are stored, only a small portion is threshed at a time and winnowed 
to remove chaff and other impurities. In other areas where sorghum is stored as grain in 
underground pits, a small portion of grain is hand cleaned to remove inert material and 
washed if the grain appears dirty as a result of pit storage. In Sudan where the grain is 
stored in underground pits the grain is first cleaned to remove the earth that comes with it 
from the storage pit. This is done by pouring the grain into a wide mouthed container half 
filled with water and squeezing and rubbing the grain and floating off the chaff. After a 
brief soaking the grain is sun-dried for a few hours (7). 
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DehulliDl~ the ifRin. In many areas in Africa the grain is traditionally dehulled before it is 
ground into flour. Damp or soaked grain is placed in a wooden mortar and pounded with a 
wooden pestle to loosen bran from the grain. The dehulled grain is winnowed or washed to 
separate the dehulled grain from the bran. Pounding the grain in a mortar provides the 
abrasive action necessary to remove the bran layers from the endosperm while moistening 
the grain causes the bran layers to swell and become partially detached from the 
endosperm. The highly corneous grains with chalky pericarp are preferred because they are 
easier to dehull and give higher recovery of dehulled grain. The grains with floury and soft 
endosperm are not suitable for dehulling. 
In Mali and Burkina Faso (17) sorghum grain is dehulled before it is converted to :lil'. 
In most parts of Ethiopia, sorghum for Injera is dehulled as it isgenerally accepted that 
dehulling improves the injera quality. In some parts of Nigeria 14) commonly among the 
Hausas, almost always sorghum ~ are dehulled before any rther processing. 
Housewives claim that when grams are processed without dehulling, the resulting food 
(especially ~) is tough, non-elastic, and non-binding, unlike normal !mYQ texture. 
In Malawi the grain is soaked in water for 1-2 hours before pounding it lightly to 
remove the pericarps. In some areas of Tanzania a little water is sprinkled onto the grain in 
the mortar and then pounded vigorously followed by winnowing. In Zimbabwe the clean 
dehulled grain is sometimes roasted in a clay pot to dry it before grinding it into flour. This 
is believed to improve the flavor of the food product prel'ared. In other areas clean 
dehulled grain is sometimes soaked for 1-2 days after whIch it is dried before grinding into 
flour (12). 
Scheuring et al. (17) found that yields of dehulled grain after traditional dehulling was 
consistently around 70% for local Malian and Burkina Faso varieties. In Tanzania yields 
ranging from 73 to 83% of dehulled sorghum grain were obtained (6). 
Grindin~ .vain into flour. Almost all the food grains produced are normally ground into 
flour or paste before using them to prepare the various foods. The grains may be dehulled, 
or not. Traditionally food grains are ground dry or moistened between grinding stones or 
pounded in a mortar with a pestle. In some areas, especially in towns, powered grinding 
mills are becoming common and are gradually replacing the grinding stones and mortars. 
The flour or paste is always used immediately or soon after, otherwise it deteriorates . 
. In Nigeria dehulled grains are washed and spread out to dry; after drying, portions are 
ground between stones. The flour is sieved intermittently until all grain particles pass 
through the sieve. In some cases the washed grains are left to temper for 1 - 3 hours and 
then pounded in the mortar. The pounded grain is sieved at intervals until all the grains are 
pounded into flour. In other cases where the grain is ground wet, the grains are soaked in 
cold water for 24 hours or more to soften the grain. The duration of soaking depends on the 
physical characteristics of the grains used. Soft grains are soaked for 24 hours while hard 
grains would have to be soaked for up to 48 hours. After soaking the grains are washed and 
ground to a course paste (14). 
Processin~ hi~-tannin sor~hum .vain with wood ash. In several areas in Africa where the 
bird (Quelea) problem is most severe, high-tannin sorghum grains are produced because 
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these types are least preferred by birds. Unfortunately high-tannin grains are poor 
nutritionally. The tannins in the grain bind enzymes and proteins in the digestive tract when 
used as food, thus resulting in low digestibilities (1, 3, 4, 5, 9, 15, 16). ~ southern Uganda 
and in Rwanda and Burundi where high-tannin sorghums are predommantly grown and 
consumed, the grains are commonly treated with wood ash and germinated before they are 
consumed (13). This traditional processing method for high-tannin sorghum grain is as 
follows: 
1. Wood ash is cleaned by removing stones or unburnt wood objects. 
2. Wood ash is dissolved in water to make wood ash slurry. Usually approximately 5 kg 
of wood ash is dissolved in 5 litres of water to produce wood ash slurry of acceptable 
quality and consistency. 
3. Qean high-tannin gram is thoroughly mixed with wood ash slurry. Approximately 150 
ml of wood ash slurry is sufficient for one kilogram of grain. 
4. Wood ash slurry treated seed is wrapped in grass or baskets and soaked in water 
overnight (12 to 15 hours). 
5. After soaking, the grain is drained, then covered with grass for 3 to 4 days to 
germinate. 
6. After germination (when the radicle is 2 to 3 em long) the grain is spread out in the 
sun to dry. 
7. Dried grain is pounded in a mortar with a pestle to shake loose the ash and break off 
the radicles after which the grain is winnowed to remove broken radicles and dry ash 
as dust. 
S. Qean dry grain is ground between the grinding stones to produce flour used to 
prepare traditional beverages. 
Effect of traditional process in" on auality. Traditional food grain processing in Africa is still 
practiced in rural areas despite the fact that it is a tedious and time consuming process. This 
is because they strongly believe that processing improves the quality and acceptability of the 
food product prepared. Traditional dehulling removes less of the nutritive components than 
does mechanical dehulling (9). Sorghum and millet dehulled by traditional methods 
contained a higher oil and ash content than mechanically dehulled grains. This is because 
the germ is firmly embedded in sorghum endosperm and is therefore not readily removed by 
pounding. Traditionally and mechanically dehulled grain did not differ as markedly in 
protein content as in oil and ash content. Decorticated grain was found to have a positive 
effect on protein and energy digestibility whereas the biological value was reduced due to a 
40% reduction in lysine (6). Dehulling of high-tannin sorghum grains reduces tannin 
content and improves their nutritional quality. However most high-tannin grains are 
generally not dehulled because they are soft. 
Traditional processing of high-tannin sorghum grain with wood ash was found to be 
effective in improving nutritional quality (13). This is because processing significantly 
reduced the tannin content and improved protein digestibility of the processed grain as well 
as the food products prepared. Processing reduces tannin levels to those found in low-
tannin sorghum varieties and increases protein digestibility values of grain as well as that of 
traditional beverages (Table 1) to the level of low-tannin sorghum varieties. Weanling rats 
were fed diets contaimng wood ash treated and untreated high- (BR 64) and low- (RS 610) 
tannin sorghum grains. Rats fed diets containing wood ash treated BR 64 grain gamed 
significantTy more weisht (52 g) than rats fed diets containing untreated BR 64 grains (7.2 g). 
Rats fed diets containmg wood ash treated high-tannin sorghum grain did not differ 
significantly in weight gains from rats fed diets containing wood ash treated or untreated 
low-tannin grain (Table 2). It is therefore concluded that treatment of high-tannin sorghum 
grain with wood ash is very effective in overcoming the harmful effects of tannin, increasing 
protein digestibility and overcoming the growth depression of dietary tannins. 
Table 1. Tannin content, percent protein, and in vitro protein digestibility of 
traditionally processed and unprocessed grains of a high-tannin local 
Sorghum 
Grain of 
local 
sorghum 
954 063 
BR 64 
sorghum from Uganda - compared with those of 954063 (low tannin) and BR 64 
(high tannin) as controls - and in vitro protein digestibility of traditional 
beverages prepared from processed grains. 
, in vitro protein digestibility 
(uncooked) 
Grain Tannin , Obushara Omuramba 
Treatment color (Cat.eq)l Protein Grains (nonalcoholic) (alcoholic) 
Unprocessed Brown 6.88 9.12 15.9 
Processed Black 0.04 10.47 66.6 46.2 73.2 
Unprocessed White 0.04 11.41 64.9 
Unprocessed Brown 7.35 
1 Cat. eq. - catechin equivalent. 
'" ~
\0 
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Table 2. The effect of four different treatments on grains of two sorghum hybrids - Rs 
610 (low tannin) and BR 64 (high ~) - on .their protein and ~ contents, 
in vitro protein digestibility and rat weIght gam after 20 days' feeding. 
Tannin 
Sorghum 
variety Treatments 1 
In vitro protein 
% conten~ digestibility Ratweift (Cat.eq) (uncooked) gain (g protein 
Rs610 1 8.8 0.00 84.2 45.5 
2 
3 
4 
9.0 
8.9 
9.3 
0.14 
0.07 
0.02 
56.6 27.9 
81.2 36.5 
52.3 14.3 
BR64 1 8.0 10.04 13.3 7.2 
2 
3 
4 
8.4 
8.3 
8.7 
6.38 
0.39 
0.03 
27.4 1.5 
75.4 52.5 
53.7 30.4 
SE ±0.046 ±0.53 ±2.30 
1 
2 
Treatments: 1=control (not treated); 2=grains soaked in water for 12 hours and then 
germinated for 4 days at room temperature; 3=grains mixed with wood ash slurry 
and then soaked in water for 12 hours; 4=grains mixed with wood ash slurry and then 
soaked in water for 12 hours and germinated for 4 days at room temperature. 
Cat. eq. = catechin equivalent. 
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Introduction. Sorghum [So'8hum bicolor (L) Moench] is one of the most important food 
constituents in arid parts of Africa and AsIa. In these areas sorghum serves as the principal 
form of protein and energy for several hundred million people (Hulse et al. 1980). 
Compared to other cereals, sorghum (and millet) is a drought resistant crop and the 
importance of this grain as a food resource has increased due to the drought and 
desertification which affect some of the African countries. However, in some countries the 
consumption has been reduced by the introduction of maize and rice (Tables 1 and 2). 
Table 1. Area (OOO's ha) under cereal production in major geographic regions in Africa. 
Total production figures are followed by selected national data. 
Sorghum Millet Maize Rice 
Africa 13940 16320 19650 4580 
Nigeria 5940 5000 1450 310 
Sudan 2600 1200 85 7 
Upper Volta 1140 910 90 40 
Ethiopia 770 340 820 
Niger 633 2530 7 20 
Tanzania 600 200 1800 290 
Mali 1240 90 150 
Chad 900 10 50 
Senegal 950 80 
(F AO Production, Yearbook 1976). 
Table 2. Area (OOO's ha) under cereal production in the world. 
Sorghum Millet Maize Rice 
World 43930 72810 118050 142250 
Developed 6940 60 41160 4170 
Developing 36680 38430 55240 94640 
Centr. planned 310 34320 21660 43440 
Asia & Africa 32890 38710 36600 
(without China) 
(FAO Production, Yearbook 1976). 
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Sorghum is well adapted to a wide range of ecological conditions unfa.vorable to most 
other cereals. Thus, sorghum remains an important component of the diet m many 
countries, and its use is reflected in many traditional dishes (Table 3.). 
Table 3. Characteristics of sorghum cultivation in various countries. 
Country Region Yield By-Product 
Kenya Production concentrated in 500-1700 kg/ha 
warm and slightly drier (6-18 bags/ha) 
regions of Western and Nyanza 
Provinces and Machakos and 
Turkana Districts 
Nigeria 1 As far south as Iseyin in ca 700 kg/ha Fencing, thatching, 
the Western State and (1974-5) mats, pith for 
almost everywhere in the toys, mulch for 
Northern State yams, feed 
Tanzania All regions produce. Some ca 6OOkg/ha Thatching, fencing 
areas are in semiarid central firewood, fodder, 
zone-Dodoma, Singida and bran used as 
Shinyanga, Mtwara region to chicken feed 
South and Morogoro near the 
coast 
Uganda Important staple in drier ca SOO kg/ha Leftovers from beer 
regions such as Karamoja (approx. fed to poultry 
and Kiegezi and parts of 108,800t/y 
Teso and Acholi (Karamoja 
and Kigezi produce half of 
total production) 
Sudan Most important cereal crop, 1200kg/ha Animal feed 
~roduced mainly in Eastern 
udan in rain-fed area. Very 
limited amount in Western 
Sudan and the irrigated area 
of the Gezira scheme 
1 60-70% of sorghum is grown as mixtures of: sorghum-millet; sorghum-millet-cowpea; 
sorghum-millet-groundnut. (Vogel & Graham, 1979). 
Kenya. In Kenya, sorghum is grown primarily for human consumption. The production of 
sorghum is concentrated in the warm and slightly drier regions of Western and Nyanza 
Provinces, as well as in the Machakos and Turkana Districts. Yields of well-managed crops 
are usually between 500 and 1700 kg/ha, but hybrids coupled with good husbandry yield 
much more. 
Unfortunately, sorghum is a vastly underrated cereal in Kenya and has almost been 
replaced by maize, preferred for its white colour and bland flavour. While almost equal to 
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maize in nutritive value the price of sorghum is considerably lower. Thus most sorghum is 
grown on a subsistence basis and does not enter formal market channels. 
. Sorghum is traditionally consumed in the form ':If uga~ (stiff porridge), uji (thin 
pomdge), and a wide range of fermented beverages, mcluding a local brew known as busaa. 
In Kenya, three-quarters of all sorghum produced is utilized in beer production. 
UiMda. In Uganda, sorghum is an important staple in the drier parts, such as Karamoja, 
Kigezi, and parts ofTeso and Acholi, and is grown on about 230,000 ha. In central Uganda 
it is planted twice a year. The grain types vary in shape and colour, from white to yellow, red 
to brown, to black. White types are generally preferred for food, red types for brewing. 
Tanzania. Sorghum has long been grown in Tanzania as human food. Although many 
farmers have turned to maize, a switch back to sorghum and millet is now taking place 
especially in the semi-arid areas where farmers are realizing the hazards of cultivating maize 
where rainfall is unreliable and in areas regularly suffering drought. Because sorghum and 
millet are grown at a subsistence level and are processed and consumed at home, 
production figures are difficult to document. Nonetheless, sorghum has shown a steady 
increase in production, a factor attributed to the success of research done to improve the 
seed, and the campaigns to develop and improve traditional varieties so as to give better 
yields, and reduce the time to maturity. In 1976-77 sorghum and bulrush millet covered an 
estimated 550,000 ha. Most of the sorghum is used for food and for brewing, with priority in 
production given to those varieties with good brewing properties. About 5% of production 
15 used for animal feed. Foods prepared at home use either flour, whole or cracked 
decorticated grain. U gali (stiff porridge), as in Kenya, is the chief dish, with uji a thinner 
porridge second in popularity. Ugali can also be made with the addition of cassava flour 
(not more than one-third), but uji is not commonly made with mixed flour. A savoury dish 
known as kande is third in popularity. It is made from whole or cracked decorticated grain 
boiled with beans or peas and seasoned well. Popped sorghum is favoured by school-age 
children in the central zone. Pombe (general Swahili used for various brews) is generally 
made from red sorghum varieties. 
Although a limited number of people use bran for brewing, the bran is generally 
thrown in the fields or heaped near the house for the chickens to feed on. The only by-
product that is used is the stalks, which are employed for thatching houses, constructing 
fences for compounds, as firewood, and a fodder for livestock. 
Sudan. In Sudan, about 0.7 million hectares are under sorghum cultivation, with an annual 
yield in 1975-76 of about 2 million tons. Although many sorghum varieties are grown, the 
most popular ones are Mayo, Dabar, Safro, Gasabi and Feterita. Mayo is the most popular 
variety because of its lighter coloured flour and soft endosperm, but the plants grow very tall 
and uneven and therefore cannot be combined. Dabar can be harvested with a combine 
and is therefore grown in the largest quantity . 
. In Sudan man>: foods are prepared from sorghum grain and flour. In the rural areas 
flour 15 used predommantly for mdlgenous fermented beverages and kisra bread. Kisra is an 
unleavened bread that}s the staple food throughout the country. It has been reported that 
up t':l 9?o/k of the protem and.75% of the calories in the diet of the people residing in the 
Geztra tmgated area ~e denved from sorghum in the form of kisra and porridge (aceda). 
In urban areas, espeClally, wheat bread is now starting to compete with kisra. Sorghum flour 
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(Feterita) is also used for the production oflocal beer (marisa) that is similar to Kenyan 
beer (busaa), and for several nonalcoholic beverages including hulumu, abrey, and huswa. 
Ni~eria. In Nigeria, sorghum and millet are by far the most important cereals in terms of 
kilogram consumed per capita, and the people are traditionally committed to sorghum and 
millet. Sorghum is planted on 6.1 million hectares as far south as Iseyin and almost 
everywhere in the northern states; whereas, millet occupies 4.9 million hectares and is most 
important in the north where rainfall is reduced. In general more sorghum is consumed in 
the dry season with millet being more important in the wet season. 
The consumption of sorghum is mostly in the form of flour that is made into a thick 
porridge (tuwo) and served with soup or stew. Although both sorghum and millet can 
readily be substituted for each other in tuwo preparation, sorghum is much preferred to 
millet. Millet is more often eaten as fora, which is made from flour that is partially cooked, 
pounded and formed into balls (Table 4). 
Table 4. The major food uses of sorghum in Nigeria. 
Popular name of product Description of product 
Ogi and its variationa: 
Ogi 
Kamu 
Akamu 
Kunu 
Kunuzaki 
a 
Kunutsamia 
Koko 
Eko 
Kafa 
Agidi 
Thin porridge, served hot 
Thin porridge, served hot 
Thin porridge, served hot 
Watery kamu, served cold 
Watery kamu with sweet potato flour or 
sugar, served hot or cold 
Watery kamu soured with tamarind 
Watery ogi or kunu with tiny lumps of 
flour to add texture, served hot 
Solidified cold ogi wrapped in leaves 
Solidified cold ogi wrapped in leaves 
Solidified cold ogi wrapped in leaves 
From observations on consum~tion patterns, tuwo has little (potash or tamarind) 
variation within and across regions where it is largely consumed. (Tunde Obilana, 
1981). 
Sorghum serves as the principal ingredient of the evening meals; whereas, millet is 
eaten more for lunch or the midday meal Other thin porridges like fura koko and kuna, 
which are eaten during the day, are also prepared from these grains, as are a large number 
of deep-fried or water-cooked (dumpling like) snacks. 
Sorghum is not only used for food, it is also used in brewing. The most common 
variety used for beer production is called figare or Njigare, which is early maturing, has 
brown seeds, is weather and bird resistant, and has a floury endosperm and bitter taste. As 
well, several by-products of sorghum are used. The stalks are used for fencing, thatching, 
and for making mats (Pakiti) used for sitting, drying grain on, and for doors. The pith is 
used for making toys ror children. Sorghum stalks are preferred to those of millet and maize 
because they last longer and are taller. In Kwara state the sorghum leaves are used on the 
yam fields for mulching or capping the yam hills to conserve moisture and prevent excessive 
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heat from reaching the planted yams. Tpe dried leaves and ro.und tillus of sorghum are used 
after the harvest for livestock feed, and if yams are not grown m the sorghum field after 
harvest, cattle, goats and sheep are allowed to enter and graze on the stalks. Bran produced 
during milling is fed to the livestock. By-products, therefore, are very important and should 
be seriously considered when attempting to introduce or develop new varieties. Total 
sorghum production in 1978 in Nigeria was 4.8 million tons (Tunde Obilana, 1981). 
Ogi is the most extensively consumed thin-porridge breakfast food in Nigeria. It is 
usually taken hot with akara or kose (fried bean cake or bean balls) and also with olele or 
moinmoin or dan wake (steamed bean paste or pudding). In this combination, it is eaten by 
everybody including young and old, men and women, rich and poor, sick and healthy. Ogi is 
prepared especially for weanlings, infants, new mothers, and sick people by adding milk or 
nunu to the cooked ogi and cooking it for an additional time. 
Daily consumption patterns for ogi and tuwo and consumption as a percentage of 
sorghum production are shown in Tables S and 6, respectively. Information in these tables 
has been put together from several observations and communications (Tunde Obilana, 
1981) as no solid documented data are available. The general picture of the importance of 
these products as human food in these areas is, however, very clear. 
Kamu or ogi is eaten at both breakfast and lunch while tuwo is eaten mainly at lunch 
and dinner except in the northern Guinea savanna which is the heart of sorghum 
production. Thus, irrespective of the region, ogi or kamu is the most important breakfast 
dish while tuwo becomes more important at lunch time and is almost the exclusive food for 
dinner. The amount of calories taken via these two dishes is very substantial and highly 
sustaining. 
Table S. Consumption pattern of ogi and tuwo with their variation in daily meals. 
Region Breakfast Lunch Dinner 
Sahel and Sudan Kamu/Kosai Tuwo/stew Tuwo/stew 
Savanna Kunu (snack) 
Nothern Kamu or koko/Kosai Tuwo/soup Tuwo/stew 
Guinea Savanna Tuwo/stew Kamu/Kosai 
Southern Koko or Kamu/Kosai Tuwo/soup Tuwo/stew 
or stew 
Guinea Savanna Eko or Kafa/Danwake 
or Moinmoin or Olele 
(Tunde Obilana, 1981) 
Cereal crops contnbute 42% of the calories from all foodstuffs in Nigeria (Oke, 1976); 
of all.the: cereals; sorghum .contn~utes about SO~ of the calories in Nigeria and 73% of the 
calones m !he savanna re~ons (S~ons, 197~). Smce most of the sorghum cultivated is 
consumed m the form of eIther ogI or tuwo, It follows that the consumers obtain about SO% 
and 70%, respectively, of all their required cereal calories from sorghum. 
Table 6. Consumption of ogi (kunu or kamu) and tuwo as a percentage of sorghum 
production. 
Region 
Sahel and Northern Sudan Northern Southern 
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Sudan Savannaa Savanna Guinea Savanna Guinea Savanna 
Product (%) (%) (%) (%) 
Ogi 
Kunu 10 20 30 35 
Akamu 
Tuwo 85 70 60 45 
Others: 
(beer and 
beverages) 5 10 10 20 
a Most of the o~ and tuwo consumed in this zone are prepared from millet. (Tunde 
Obilana, 1981 . 
In terms of the percent of sorghum produced, consumption of o~ and tuwo (Table 6) 
show definite relative trends across the four savanna ecological zones m Nigeria. Tuwo is 
most important ranging from 70% of the sorghum cultivated in the Sudan savanna to 45% in 
the northern Guinea savanna. In contrast, ogi consumption increases from 20% in the 
Sudan savanna to 35% in the southern Guinea savanna. 
EthiQpia. All the major cereals grown in Ethiopia are traditionally used for making injera 
(bread). Of all the cereals, tef is reported to make the best quality injera. Next to tef, 
sorghum is the most preferred cereal for making this traditional bread for Ethiopians. 
Injera normally means a leavened, round flat bread found in most Ethiopian homes. 
Nearly all of the 1 million metric tons of sorghum grain produced annually in Ethiopia are 
used for human consumption. Of this, about 80% is used for making injera. Homebrewed 
beverages take an estimated 10% of the national sorghum production. The rest of the 
sorghum grain produced in the country goes into making porridge (genfo), unleavened 
bread (quitta), boiled whole grain (nifrO), roasted grain (kolo), and animal feed. 
The different kinds of food, except injera, made from sorghum grain are consumed as 
snacks or as special meals. However, where injera is traditional it is normally used every day 
by the whole family for the three daily meals. Adults and children over 2 years of age 
normally take injera as a staple. Between the ages of 12 and 24 months, weanlings are 
normally introduced to injera particularly in the rural areas and among low income groups. 
Children are normally fed injera in the form of fitfit which is a mixture of broken pieces of 
injera and wot (sauce). It is also fed as injera and wot, as normally served to adults 
(Gebrekidan and Gebre Hiwot, 1981). 
North Africa. Couscous is the major sorghum food of the Sahelian zone of West Africa. 
Couscous is a steamed granulated product made from cereal flour. It is the principal cereal 
food of North Africa, the Sahara, and the Sakel. In North Africa and in the Niger inland 
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delta, couscous is prepared from pearl millet or sorghum. Couscous can be prepared 
directly into a steamed product that is eaten with a sauce. It can be steamed, sundried, 
stored indefinitely, and reconsti.tuted in milk, or again steamed ~d serv~d with a sauce. The 
versatility of couscous preparation and storage serves well the mIgrant life style of Saharan 
and Sahelian pastoralists and seasonal farmers (Sidibe et al., 1982). 
Final comments. Sorghum use is influenced by kinship and religion. Gifts of grain are 
exchanged in set kinship context;s such as childbirth, naming, circ~~cision, marriage, and 
death, and at fixed religious festivals, at the end of the. fast, as religIOUS alms, and. after t~e 
harvest. Whereas rice or wheat are usually prepared m only one form, sorghum IS used m a 
variety of forms depending on the region. 
Sorghum is an important cereal crop in Africa, and with the development and testing 
of new varieties, improved production and processing methods, and the introduction of new 
products, the use of this cereal may be further expanded. 
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S~rghum is an important world cereal crC?P usually r~g fift!1. in terms of total grain 
produCtlon. Sorghum is one of the most versatile crops due to Its ability to adopt to 
cropping systems under erratic rainfall distrIbution and adverse soil conditions which are the 
mam characteristics of semi-arid tropics. The semi-arid regions in Asia cover most of the 
Indian sub-continent, eastern Java, north eastern Burma and Thailand. Out of an estimated 
600 million people living in the SAT region, 56% of them are in India. 
About 30% of total world sorghum is produced in Asia. India is the single largest 
producer of sorghum in Asia, contributing 60% of the grain, followed by Chiria, Thailand, 
Pakistan and Bangladesh. This paper is mainly on sorghum as food in India, which is very 
much applicable to the Indiansub-continent. 
Present status of sor~hum as food. In Asia, sorghum grain ranks third after rice and wheat 
as a cereal for human consumption. Unlike the western hemisphere, almost all of the 
sorghum produced in the Indian sub-continent is used for human consumption. 
Who eats sor~hum. Rural dietary patterns are evolved mainly on the basis of cropping 
systems in the area, because the natives eat mostly what they produce, especially in 
subsistence agriculture, which is predominant in the SAT region. Most of the households 
who cultivate sorghum also consume it as a staple (Table 1). Though sorghum is consumed 
irrespective of economic status, in the villages where it is produced, the quantity and 
frequency of consumption is more among small farmers and goes down with increasing farm 
size (Table 2). Urban populations which migrated from rural areas continue their food 
habits, especially staple food, in spite of wider food choices that are available. For this 
reason, considerable numbers of urban poor, especially those migrated from SAT villages, 
are the buyers of sorghum from urban markets. 
Table 1. Number and percentage of households consuming sorghum and millets. 
Sorghum 
Pennisetum 
Elusine 
Penicum 
Setaria 
Scrobiculatum 
Households 
Number 
1682 
801 
490 
248 
533 
77 
Percentage 
85 
40 
25 
13 
27 
4 
Quantity (kg) 
per person/day 
0.28 
0.31 
0.25 
0.24 
0.25 
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Table 2. Frequency of consumption of sorghum and millets and farm size of the 
household (percentage). 
Frequency 
Daily 
Weekly 
Monthly 
Occasionally 
Small 
farmer 
73 
24 
2 
1 
Medium 
farmer 
69 
25 
3 
3 
Large 
farmer 
66 
27 
4 
3 
Average 
69 
25 
3 
3 
In what form. Sorghum as a staple is consumed mostly in the form of unleavened flat bread 
(Roti), stiff porridge (sangati), thin porri~e (ambali) and rice. There is a regional variation 
in the preferences of these preparations rrable 3). Sorghum is also used in some snacks 
prepared for special occasions. 
Table 3. Forms of utilization of sorghum. 
Consumers 
Form of 
Foods Product type grain used No. Percentage 
Sor~um 
Roti Unleavened flat bread Flour 1132 67 
Sangati Stiff porridge Mixture of coarse 811 48 
particles and flour 
Annam Plain rice Dehulled grain 586 35 
Kudumulr Dehulled grain Flour 295 18 
Dosa Pancake like Flour 213 13 
Ambali Thin porridge Flour 167 10 
Boorelu Deep fried Flour 164 10 
Pelapindi Popped whole grain Mixture of coarse 94 6 
and flour particles and flour 
Karappoosa Deep fried save Flour 42 3 
Thaoala Chakkalu Shallow fried Flour 24 1 
Sorghum foods are avoided during early childhood in almost all families irrespective 
of economic status (Table 4). Even at one year of age 50% of families avoid sorghum foods, 
but no special preparation is made for children. This explains the higher nutritional risk of 
preschool children in sorghum eatin~ families, due to late introduction of supplementary 
foods. The main reason given for this delay is that they cannot eat sorghum foods as the 
texture is not suitable for the young child. Sorghum is also avoided in the diets of nursing 
mothers as it is believed to be difficult to digest. 
Table 4. Reasons for avoidance of sorghum and millets in all forms during early 
childhood. 
Number of 
families that 
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Age of Child avoid sorghum Percentage 
1. One year 2099 57 
2. Two years 953 26 
3. Three years 513 14 
4. Three-six years 103 3 
Total 3668 98 
Reasons: 
1- They cannot eat 31n 87 
2. They cannot digest 360 10 
3. These foods are not good for 55 1 
their health 
4. Other reasons 76 2 
How sorihuro is processed. Traditional sorghum products are prepared with processed 
sorghum like dehulled grain, grits and flour of whole or dehulled grain. Primary processing 
consists of dehulling the grain mostly by the wet attrition method, though a few use the dry 
attrition method. When sor~um is used as the whole grain, like in sorghum rice, it is 
dehulled using the wet attrition method, since whole grain cannot give an edible product 
when boiled. When flour is used, it is obtained mostly by grinding whole grain either using 
traditional grinding stones or a flour mill. Grits are usually made after partial dehulling and 
coarse grinding by the traditional method or using a flour mill. Most of the housewives 
living in dryland areas where sorghum is the main staple spend almost an hour daily 
processing the grain, especially when they use the wet method of dehulling. The quantity of 
grain processed ranges from 2-3 kg/day. For making stiff porridge, the grain is ground daily 
to coarse flour by women using grinding stones. 
Sorghum flour is the main product used to make unleavened flat bread, thin porridge 
and some of the snack foods. It is prepared once a week or more frequently since freshly 
ground flour is preferred. For this reason sorghum flour is not marketed even in urban 
areas. More than one third of the consumers still use stone grinding for making sorghum 
flour due to the non-accessability of a flour mill. The longer shelf life of processed rice and 
wheat is one of the motivating factors for the housewife to replace sorghum with other 
cereals; this also saves them from the daily drudgery of processing. Bran is a valuable by-
product of dehulling which is used as an animal feed. Extraction rate and time of dehulling 
varies depe~ding on the variety (Table 5). 
Nutrient losses. Nutrient losses in traditional dehulling of sorghum are not insignificant. 
Total protein loss is about 8.5% and lysine reduction is maximum (21 %). In the case of 
minerals, dehulled grain contains 18% and 26% less of calcium and phosphorous, 
respectively. Thiamine loss (38.4%) was highest among B group vitamins followed by niacin 
(16%). In most Indian diets, especially in dryland areas, staple grain is the main source of 
nutrients. The benefits of dehulling the grain like increased bioavailability should. be 
carefully weighed against the extent of deficiency of these nutrients in their diets, and the 
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Table 5. Time taken for dehulling and extraction rate (per kg) 
Time taken for 
dehulling Extraction 
No. of rate 
Sorghum Min. Sec. strokes (percentage) 
PJ22K 5 07 612 79 
SPV-86 3 28 413 79 
CS-3541 4 17 488 81 
Sorghum 163 3 33 371 80 
Moti 5 41 614 82 
CSH-1 4 47 531 78 
Average 4 29 505 80 
loss of energy and other nutrients in processing. It is true that the removal of these outer 
layers from the coarse grains improves consumer acceptability, but the method followed to 
polish the grain should not exclude the nutritional consideration. Research efforts should be 
directed to develop suitable teChnology for dehulling sorghum and millets in order to relieve 
the housewife from the drudgery involved in processing the grains and also to improve 
consumer acceptability of these cereals while keeping nutrient losses at minimum. 
Varietal preferences. Unlike rice and wheat, consumer preferences for sorghum grain 
quality is not well defined. For this reason, sorghum vaneties cannot be graded to assess 
market prices. For better understanding of the quality characters of grain preferred by 
consumers, the need for identifying simple parameters useful in developing grain quality 
index is well reCOgnized. 
The methods which can be used for studying consumer preferences are: 
(1) Direct method which involves eliciting consumers opinion about grain characteristics 
which influences their preferences for the particular variety. 
(2) Indirect method in which market prices of different varieties are studied and 
compared with the specific grain characteristics. 
Boldness and color are two physical characteristics which contribute mainly to the quality of 
grain. Though sweetness of the grain is expressed as one of the characteristics that 
contribute to the better taste, in some areas even slight astringent taste seems to be a 
preferred character in sorghum grain. Varietal preference may vary from region to region 
(Table 6). This is mainly because of the variations in the form in which it is consumed. In 
areas where it is cooked as rice, yellow varieties are preferred, whereas in areas where it is 
consumed as unleavened bread white sorghum is preferred. 
RUral consumers have difficulty expressing their preferences because many of them 
have had no opportunity to use varieties other than those grown locally. In the absence of 
such varied experience due to restricted choice it is difficult for them to express their 
preference. In such situations the alternate method would be to study theIr preference for 
qualities in the sorghum product they consume and linking them with the constituents 
contnbuting to these qualities in the product, which will be a reverse approach. Good 
quality grain for one product may not necessarily be of the same quality for another product, 
so separate grain quality parameters need to be established depending upon the end use. 
Breeding varieties separately for different end uses will be more practical rather than 
attempting to develop one single variety which can meet the quality characteristics of all 
products. 
Table 6. Preferences of rural and urban consumers. 
Sorghum characters preferred (percent) 
Characteristics Rural Urban 
Colour 
- White 62.5 76.0 
Yellow 23.0 
Size 
- Bold 53.0 73.0 
Taste 
- Sweetness 54.0 71.6 
Roti making quality 52.0 99.6 
Purchased (percent) 
Colour 
-
Yellow 24.1 4.6 
White 72.2 95.4 
Red 3.7 
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Nutritional status of sorihum eatini populations. No major differences in the composition 
of dietary cereal staple within the villages and across the farm size groups were observed, 
confirming the hypothesis that in rural areas dietary habits depend more or less on cropping 
patterns. 
In populations where sorghum is the main staple (75-90%) in the diet, legume 
consumption is relatively higher having a 16:1 to 11:1, cereal: pulse ratio compared to rice 
diets where the ratio is 35:1 to 25:1 (Tables 7 and 8). This positive relationshIp between 
sorghum diet and higher legume consumption is mainly due to the cropping patterns 
followed in most of the sorghum based farming systems, where legume IS grown as a relay or 
mixed crop. 
Consumption of vegetables is very low and subject to substantial seasonal variation. 
Consumption of oils and fats rarely exceeds 20 g/per day. Fruits are virtually absent in the 
diets. In the region where sugar cane is grown, consumption of brown sugar and sugar is 
high, similarly in regions where dairy farming is the main occupation, intake of dairy 
products is high. 
Major deficiencies of energy, vitamins and minerals exist in the diets of all age groups. 
Energy deficiency in the 1-3 year age group is 20-30% in all income groups. In all age 
gro~Es irrespective of income, carotene intake was less than 50% of the RDA with no 
significant seasonal variation. Thiamine intake was adequate in sorghum based diets, unlike 
those on rice based diets. RIboflavin and ascorbic acid are limiting in the diets of all socio-
economic groups. 
Nutritional status of preschool children as measured by weight for ~e in the regions 
where sorghum is a main staple is better than those in rice eating regions rrable 9). No 
significant difference was found between different farm size families in the number of 
children with severe or moderate degree of malnutrition. 
Table 7. Daily mean intake of crea1s in sorghum and rice-wheat eating regions (g/person/day). 
Age group (in years) Adults 
1-3 4-6 7-12 13-18(Ha1e) 13-18(Fema1e) Hale Female 
Food item 
region L S L S L S L S L S L S L S 
Rice, whe!!t 
Aurepa11e 116.6 121.5 196.0 185.4 278.0 236.0 386.0 298.5 385.2 308.7 409.2 370.2 376.2 285.2 
Dokar 161.1 226.7 310.3 333.5 427.1 450.2 568.3 592.5 487.4 547.0 570.9 494.56 539.6 609.4 
Sho1apur 6.8 3.5 11.2 0.7 12.0 6.7 39.0 16.8 25.4 6.4 22.6 14.5 27.0 10.7 
Ako1a 45.8 36.6 19.1 44.1 28.3 56.2 13.6 91.5 45.4 98.6 58.3 121.4 56.3 113.0 
fear1 millet, sorghYm 
Aurepa11e 42.0 110.8 45.7 156.3 58.4 224.5 109.2 295.3 73.7 240.3 104.6 274.6 83.3 299.5 
Dokar 10.9 13.3 36.0 91.7 9.5 26.7 18.4 27.7 17.4 39.3 44.1 33.6 33.7 22.1 
Sho1apur 115.9 139.1 179.6 298.7 610.4 373.8 482.9 394.8 597.0 338.1 551.5 
Ako1a 127.5 87.7 341. 7 224.7 400.5 316.6 881.8 443.4 540.7 396.7 662.0 488.4 573.8 393.8 
Other cereals 
Aurepa11e 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Dokar 10.1 3.3 4.4 8.8 31.5 15.7 48.4 18.3 18.8 16.4 15.0 19.1 14.8 20.8 
Sho1apur 48.5 0 33.3 0 33.5 0 117.3 0 85.6 0 149.0 0 134.4 0 
Ako1a 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
L - Lean season 
S - Surplus season 
Source: ICRISAT Research Bulletin No.7, 1984. 
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Table 8. Hean nutrient intake of preschool children, 1-6 years old in six southern Indian villages. 
Age group (in years) Adults 
1-3 4-6 7-12 l3-l8(Hale) 13-l8(Female) Hale Female 
Food item 
region L S L S L S L S L S L S L S 
IUce, wheat 
Aurepa11e 3.9 4.0 6.1 2.1 9.0 5.4 7.6 4.6 18.3 11.6 14.5 9.3 8.2 7.2 
Dokar 8.1 7.6 28.4 14.3 22.3 8.3 43.0 14.6 28.8 16.2 35.3 13.3 24.4 11.1 
Sholapur 10.0 16.2 12.9 22.3 17 .2 27.8 31.4 38.0 15.7 28.5 21.9 31.2 22.0 32.8 
Akola 14.0 17.4 22.4 35.5 31.3 38.7 37.5 42.8 27.9 47.3 34.5 54.1 32.3 51.1 
Qther l!ulses 
Aurepalle 2.2 6.9 1.0 4.1 3.3 6.1 8.4 3.8 1.1 7.0 3.1 7.2 2.3 5.1 
Dokar 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Sholapur 2.7 0 4.4 0.4 4.8 2.9 6.9 2.3 4.7 0.8 6.0 3.0 6.0 2.4 
Akola 3.5 2.9 5.9 5.0 8.8 6.4 6.6 9.4 8.3 9.8 8.9 8.9 8.2 8.1 
L - Lean season 
S - Surplus season 
Source: ICRISAT Research Bulletin No.7, 1984. 
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Table 9. Weight-for-age distnbution (%) of preschool children consuming sorghum and 
rice based diets. 
Region/state Normal 
Ri£e Qas~Q Qi~ts 
Aurepalle 20.69 
Dokur 19.28 
SQI~lll!m Qil§~Q di~!§ 
Sholapur 35.09 
Alcola 27.59 
Andhra Pradesh·· 15.5 
Maharashtra •• 15.8 
• 
•• 
Gomez classification (Gomez et al., 1955) 
ICRISAT Research Bulletin No.7, 1984. 
State averages . 
Nutritional status· 
Mild Moderate Severe 
48.28 25.86 5.17 
50.60 26.51 3.61 
42.11 21.05 1.75 
41.38 26.44 4.60 
47.6 33.0 6.0 
39.9 38.2 6.0 
Strate~es adopted for expflIldin~ utiliAAtion of sor~um. Critical issues identified from 
situation analysis which are limiting the use of sorghum are: 
(a) Drudgery involved in processing the grain by traditional methods at the household 
level; 
(b) Non-availability of semi-processed sorghum products like flakes, grits and flour, in the 
market (rural and urban); 
(c) Prejudice a~t sorghum as difficult to digest compared to other cereals; 
(d) Inferior SOCIal status of sorghum as it is less versatile for making high status value 
foods. 
Lack of appropriate processing technology is the central characteristic of the constraints 
identified in expanded utilization of sorghum. Availability of small scale processing units in 
rural areas removes drudgery and provides better quality products (flour, grits, etc.) suitable 
for use in higher status foods. Such processed sorghum products should be available in 
urban markets to promote urban consumption. Promoting sorghum utilization in the urban 
population has a two-fold benefit. 
(1) Acceptance and consumption of sorghum food by urban families helps in elevating 
status value of sorghum foods; 
(2) Large scale production of sorghum foods for urban markets increases the market 
demand and assures a remunerative price to producers. 
Efforts have been made to remove the constraints identified in the utilization of sorghum 
and to upgrade the status value of sorghum foods. The strategy adopted was to develop 
mechanical dehulling technology for producing high quality products and substituting wheat 
and rice with Erocessed sorghum products in popular high status foods. Bioavailability of 
nutrients in different stages of processing was studied to ensure the overall retention of 
nutritional quality of products. Acceptability of the newly developed products was assessed 
both by in-lab testing and consumer studies in rural and urban areas. 
Introduction of dehullers. In vitro digestIbility and bioavailability studies of nutrients from 
processed and unprocessed grain was conducted to study the possible nutritional 
consequence of mechanical dehulling of sorghum. Having confirmed that no major damage 
occurred to the biological quality of the grain in the dehulling process, functional characters 
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of dehulled sorghum and its products were tested both in the lab as well as in the field using 
sensory evaluation methods and consumer acceptance tests for traditional sorghum foods. 
Both laboratories and field tests suggested that mechanical dehulling of sorghum 
improves the nutritional and food quality attnbutes of sorghum. Some of the evident 
benefits of mechanical dehulling are: 
la) reduces drudgery of women; b) converts sorghum into versatile grain; c) improves quality of sorghum product; d) can be substituted in rice and wheat based recipes enhancing status value of sorghum; e) checks the tendency of consumer to shift to other convenient/status cereals like rice 
and wheat; 
(f) last but not least it is an essential step to commercialize sorghum products. 
Alternate food uses. Sorghum food uses are usually limited to traditional foods like 
unleavened bread (Roti); rice and porridge as whole grain flour/grits lacks the quality 
requirement found for products made from rice and wheat flour/grits. Availability of 
dehulled sorghum flour/grits made it possible to substitute rice and wheat with sorghum in 
popular breakfast and snack foods including a variety of baked products. Consumer tests 
and market studies conducted on the acceptability of the processed sorghum products like 
dehulled whole grain, semolina, flour, and snack foods suggested a good rural and urban 
market for these products. One of the highly encouraging factors is the scope for removing 
social barriers to sorghum consumption as these products are found to be equally 
acceptable to other income strata. Successful attempts of women's groups to sell these 
products in urban supermarkets promoted the status of sorghum making it closer to rice and 
wheat. Brisk sales of sorghum biscuits produced by women entrepreneurs in rural areas 
through local markets suggest the greater chances of improving preschool child nutrition by 
early introduction of supplementary foods. 
SorJdlum based infant mixes using processed sorghum and pigeonpea were evaluated 
using rat reeding trials. Certain combinations when appropriate processing methods are 
used are found to be very promising in supporting growth. Nitrogen balance studies with 
children confirmed the animal experiments data. Further studies in developing simple 
processing methods for using sorghum in infant mixes which can be used by village level 
entrepreneurs will be of great relevance in improving nutritional status of children in the 
sorghum eating areas. 
Processini sorihum for improvin" di"estibility. Poor digestibility and availability of 
nutrients from sorghum compared to other cereals is another factor contributing directly or 
indirectly to its inferior status as a human food. The scope of improving the biological 
availab~ty of nutrients from sorghum through appropriate primary and secondary 
processmg was explored by studying processed whole grain, mechanically and traditionally 
dehulled sorghum and products given below: 
Whole Grain Dehulled sorghum 
Grain Flour Grain Flour 
~~ Parched Roti (panfried) Boiled Roti Popped 
c) Malted Dosa (Shallow fried) Dosa 
~~ Germinated Idli (Steamed) Idli Parboiled 
f) Boiled 
In vitro starch digesnbility increased many fold on processing (Table 10). Among the 
processed whole grain samples, improvement was maximum on popping followed by 
parching and minimum in parboiled sorghum. 
Table 10. In vitro digesnbility of processed sorghum grain. 
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Starch digesnbility Protein digesnbility 
Whole grain 
Parched 
Popped 
Malted 
Germinated 
Parboiled 
Boiled 
LSD 05 
Source: Sarbani Roy 1985. 
11.2 
55.7 
83.2 
46.8 
43.0 
25.4 
46.1 
3.89 
73.0 
49.4 
66.9 
86.4 
84.1 
30.4 
23.9 
5.23 
Differences in in vitro di~esnbility of protein between whole grain and processed 
samples were significant. Boiling decreased IVPD by 67%. Both in malting and 
germination IVPD increased by 15 and 13% respectively. Nitrogen absorption was in 
decreasing order in malted> germinated> parched> popped> parboiled and > boiled in 
bioavailability studies conducted with rats (Table 11). Net protein utilization (NPU) values 
were high with germinated grain and followed in the order of germinated > whole grain > 
boiled > malted> parched> parboiled> popped. 
Table 11. Nitrogen and energy absorption of rats fed with processed sorghum grain. 
Weight gain! Nitrogen N2% N2 
rat in 10 bmg) absorbed absorbed days (g) 1 days intake (mg) NPU 1D DE DMD 
Whole Grain 5.4 668 555 83.0 54.1 92.0 91.8 91.9 
Parched 2.4 563 516 79.0 48.5 88.2 93.9 91.7 
Popped 1.4 815 446 75.8 38.4 85.9 91.8 89.1 
Malted 3.4 720 583 91.0 49.8 89.3 92.1 91.2 
Germinated 6.1 722 589 81.9 56.8 89.6 92.1 91.2 
Parboiled 3.7 678 511 75.4 46.1 84.1 92.1 91.8 
Boiled 5.6 724 479 66.2 50.5 74.6 89.7 88.6 
LSD 05 3.7 100.3 80.3 3.32 3.98 2.7 1.12 0.91 
Source: Sarbani Roy, 1985. 
True digesnbility (TO) values among processed grains was highest in malted and 
germinated sorghum, though TO value is highest for unprocessed whole sorghum than any 
of the processed samples. Boiled sorghum had the lowest TO among all the samples. A 
positive correlation was observed between TO and IVPD ( .. =9.855). Except when boiled, 
sorghum processed by all other methods has a DE and DMD as good as other cereals, which 
is above 90%. This is of great importance as the protein quality of sorghum based diets can 
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be improved by supplementation, but sorghum will continue to be the principle source of 
energy to the poorest farmers. It would therefore be necessary to investi~ate the energy and 
protein availability of traditional sor$hum products which will be helpful m identification of 
better processing methods for a particular product. Use of sprouted sorghum for boiled 
products and malted sorghum partly or fully to replace the who!e dehulled sorghum flour 
can enhance the availability of nutnents as well as product quality. 
Bioavailability studies with selected traditional sorghum foods and sor2bum recipes 
developed by SUbstituting dehulled sorghum in popular rice/wheat recipes (fable 12) 
revealed some interesting information. When sorghum products were ranked based on 
various parameters used to measure the quality in orde~ to consider overall benefits in 
primary and secondary processing, it was obselVed that ''Roti'' prepared from whole and 
dehulled grain, malted and germinated grain, and "Idli" prepared from dehulled grain, 
appeared to have good protein and energy availability. Dehulled boiled grain also ranked 
high when the bioavailabili~ parameters were considered. In popped, parboiled and 
parched grain, in products like dosa and biscuits the effects of processing are marginal. 
Future of sorihum as human food. Encouraged by the initial response of consumers, 
different approaches for developing viable systems for establishing small enterprises to 
produce and market processed sorghum and sorghum products are being planned. Some of 
the approaches which are in different stages of implementation are: 
- To obtain ~ economic and market data as a guide to appropriate small 
enterprise design and management; 
To adapt, design and evaluate equipment for dehulling sorghum at three different 
levels: household, village and semi-urban; 
To develop appropriate technical and management systems for small sorghum 
processing busmesses for women in rural AP.; 
To evaluate the use of sorghum foods in government supplementary feeding programs 
and integrate small processing enterprises into these programs; 
Promote and popularize the use of weaning foods based on sorghum and other 
dryland crops. 
Sorihum foods for supplementaty feedini. The Integrated Child Development Services 
Program (ICDS) was initiated in 1975-76 on an experimental basis by the Government of 
India in 33 blocks in rural and tribal areas. Among the various services provided under this 
program, supplementary nutrition feeding for preschool children, pregnant and lactating 
mothers was one. Immunization, health care, preschool education and recreation, non-
formal education of mothers in family planning, health and nutrition, are other components. 
Success of the program is amply proved in its expansion to 1356 blocks during the first ten 
years with a target of 2200 by the end of 1990. Each project/block covers 100 villages in 
rural areas, 100 centers in urban slums and 50 in tribal areas. In feasibility studies 
conducted with sorghum biscuits for supplementary feeding in ICDS, preference of children 
and parents for these biscuits over the RTE food was clearly established. State Government 
is convinced abou.t the benefits of decentralized production of supplementary foods by local 
women groups usmg local foods, as it will ensure sustainability and nutrition security in rural 
and tnbal areas. Action is initiated to organize the production of these foods in women's 
de,:e!~pment centers where destitute and p'0or ~om~n a~e trained in income generating 
activities. In the near future sorghum fortified bISCUIts will be supplied by these women in a 
few ICDS blocks for supplementary feeding. 
To compare non government systems with the government system in the management 
of such a program, the NGO, which is responsible for ICDS in one of the blocks in the state 
Table 12. Bioavai1abi1ity of energy and nitrogen from whole and dehu11ed sorghum. 
Weight gain/ Nitrogen Nitrogen 
rat in Intake absorbed , Nitrogen 
10 days (g) (mg) (mg) absorbed NPU TD DE 
Produce 
W D W D W D W D W D W D W D 
Roti 5.2 4.0 612 672 495 563 81.0 84.0 50.2 43.7 90.8 92.8 93.3 94.4 
Biscuit -0.8 -2.1 631 496 483 390 76.6 78.6 41.2 27.0 86.1 87.2 91.8 3.6 
Dosa 5.1 -1.2 683 502 539 379 78.9 79.5 50.4 31.6 87.5 89.1 91.6 91.9 
Idl1 6.1 3.6 647 600 489 478 77 .9 79.8 58.3 42.7 86.3 89.7 90.5 93.7 
LSD 05 120.86 3.72 14.8 3.62 1.32 
W - Whole grain 
D - Dehu11ed grain 
Source: Sarbani Roy, 1985. 
DHD 
W D 
92.8 94.0 
91.5 93.5 
91.3 92.0 
90.8 93.6 
1.69 
t\) 
~ 
o 
241 
of Ancilia Pradesh, also is motivated to use this technology. The progress made with NGO is 
very satisfactory and the unit started production of sorghum biscuits and the children are 
enjoying them. 
As the news trickled down to other regions enquiries started coming from NGOs 
intere~ted in developing income ge~erating activities.for women ~ well ~ those responsible 
for childcare services. Though testing of technology IS mostly earned out m Andha Pradesh, 
it may have greater relevance and application in other sorghum growing areas. 
This experience with sorghum has provided greater optimism regarding the possibility 
of rural enterprises producing value added sorghum products which can generate gainful 
employment for women, assure a better remuneration for farmers by creating greater 
market demand, and provide better foods for rural consumers at an affordable price. Most 
of the work Jlresented in this paper is part of the IDRC supported project at Andha Pradesh 
Agricultural University, India. 
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NEEDS, PRIORITIES AND IMPACI' OF 
SORGHUM NUTRITIONAL QUALI1Y RESEARCH 
R. Bressani 
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A number of important cons~~ related to sorgh~ nu~.tional quality were . 
discussed during the conference, which mcluded the ~ow digestIbili.tr of sorghum. protems 
processed by simple technologies such as water cooking; accepta~ility and ~CtIonal 
characteristics of the grain for the consumer; and the role of .tannms ~n nu~ent . 
bioutilization and physiological effects. Research programs m breedmg, bIOchemIStry and 
food science should therefore be develope~ to r~sol~e thes~ proble~ as a group' in order to 
demonstrate the beneficial effects of the high lysme m quality protem sorghum (QPS) 
simultaneously with increased production. Acceptabilio/ a~d functional factors must be 
considered as related to household methods of conversIOn mto edIble forms at an equal 
level of priority as high l~ine. ~though evidence is B:h"e~~y a~able on a possible . 
explanation for the low digestIbility of sorghum protem, It IS of 1IIlportance to establish the 
differences in structural changes in the protein and carbohydrate between processes to 
explain why wet cooking and extrusion cooking, both using relatively high temperatures, give 
different results. The same should be done with fermentation so as to learn how this process 
affects the prolamines in sorghum, since the fermented product has a higher protein 
digestIbility. It is also of importance to establish the role of the physical fraCtIons of the 
grain on protein digestIbility to explain the effect of decortication and the role they play 
during moist cooking. The specific roles of protein and carbohydrate structure on 
acceptability and functionality merits more attention since these traits are more appreciated 
by consumers than lysine content, because its beneficial effects are long term. However, the 
role of the above on nutritive value including digestibility must continue. 
Screening for high lysine in breeding programs does not need to be done by animal 
assays since with adequate analysis of the main limitin~ amino acids and a good in vitro 
protein digestIbility method, selection can be accomplIshed effectively through calculation of 
di~estIble corrected amino acid chemical score. Human testing should not be a priority, but 
if It is to be done, tests of sorghum in simple diets should be conducted. In this respect it is 
important to establish if the low protein digestIbility of cooked sorghum may also decrease 
the digestIbility of the diet. Nutritional benefits other than higher quality protein should be 
obtained, particularly if these nutritional benefits are associated with nutntional deficiencies 
other than that of protein. Likewise, the role of dietary fiber in sorghum may provide 
attractive results for sor~um promotion. Si~ficant advances have been made regarding 
the nutritional and phYSIological role of tanruns, however, data is needed on changes 
occurring durin~ different types of processing and interactions with other chemical 
compounds. It IS also of importance to continue establishing the nutritional benefits of QPS 
in animal nutrition, particularly for countries in which maize is used as a human food. Much 
more attention should be given to the implementation of the results of research into 
practical situations. It is a difficult task to influence farmers to grow the high quality cereal 
grains; therefore, other approaches should be studied, particularly if knowledge is available 
on how the normal cereals are presently processed and used by people. In this respect it 
may be useful to utilize QPS immature grain and develop ways to preserve it for future use 
by households through development of small rural agroindustries. Industrial use into 
various food products should also be studied, particularly in view of the fact that populations 
are changing in life styles and are consuming more processed foods in developing countries. 
This approach is not incompatIble with the original approach for farmers to grow high 
quality grains for their own use in their household. 
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Joseph H. Hulse 
Given the long history of repetitive drought and famine, and a future prospect of, at 
best, spasmodic and uncertain rainfall, food supply and security for the people of the Semi-
arid tropics (SAT) must be considered both quantitatively and qualitatively. The latter must 
comprehend the qualities of wholesomeness lsafety and nutrition], acce:ptability and utility. 
Sorghum research should first seek to assure sustamable yields in the pnncipal agro-
climatological environments in which the crop is cultivated. The composition of new 
cultivars, particularly those derived from wide crosses, should be monitored to assure safety 
for all anticipated conditions of consumption. Highest nutritional priority should be placed 
upon increasing digestIbility, second to reduction of anti-nutrients, and third to 
improvement in amino acid balance. 
Recognizing that sorghum provides no nutritional benefit until it is eaten and digested, 
breedin~ strategies must ta"ke account to how the crop is most likely to be used and of the 
propertIes of particular concern to consumers. All grains being susceptible to deterioration 
and depredatIon, effective and economic protection after harvest needs imaginative 
attention. The quality of utility, to permit efficient industrial storage, processing and 
distribution will assume increasing Jm:p0rtance as the urban populations of the SAT expand. 
This calls for research by cereal chemISts and physicists to understand the nature and 
composition of the grain constituents and the means by which they may be modified and 
adapted to more diversified use, especially to reduce the SAT nations dependence upon 
imported grains. 
In light of the rapid ~owth of animal feeds production in the Third World, largely 
sustained by imported graIns, there is need to develop forage sorghums for marginal lands 
and for whole plant utilization of all sorghum grown and harvested. Crop residues and by-
products are sadly underused in many developing countries. 
The total need is beyond the resource of any single existing agency or institute. 
Urgently needed is a strategically planned international sorghum network with 
responsibilities allocated and accepted by each participant according to its opportunities, 
resources and comparative advantages. Some agronomic objectives may be realized by 
conventional breeding methods, others will need to draw upon the emerging techniques of 
transgenesis. 
ICRISATs first responsibility is to assemble, systematically enlarge and provide access 
to a germplasm bank of wide genetic diversity, from which SAT nations can select genotypes 
and phenotypes best suited to their particular environments and farming systems. 
ICRISATs diversified program in Africa, particularly the facilities provided by its Crop 
Utilization Unit in Zimbabwe, deserves continued and expanded support. It is questionable 
if ICRISAT should pursue the improvement of amino acid balance and digestibIlity. Purdue 
is better equipped, by experience and facilities, for this task and, given the importance of 
sorghum to the US agricultural economy, it is hoped that USAID and USDA will take 
advantage of the unique opportunities available at Purdue, Texas A&M and the other 
collaborating universIties. Better coordination of support for research on post-production 
systems and the development of efficient agro-industries is the subject of a recent paper 
addressed to the Technical Advisory Committee and members of the CGIAR. 
It is hoped that the issues raised in this and other contributions to the Purdue 
conference will receive serious consideration during the Sorghum in the Nineties meeting, 
and by all agencies concerned for the welfare of the poor people of the SAT. 
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A Bruce Maunder 
The plant breeder as a developer of new and improved cultivars and in this context, 
sor$hum, basically works for the producer and in a more secondary way the consumer of the 
gram. In the US. and with 60% of the world's sorghum crop this would be a feeder, 
primarily of poultry, pigs, and cattle. 
Need for nutritional Quality research. With no premium for quality the producer, unless he 
is also a feeder, looks first at yield. Quality, however, indirectly affects him as it relates to 
feed value compared to com (95-96%). Price supports gener~ reflect the corn/sorghum 
nutritive ratio. If he feeds his own grain he mayor may not realize differences between 
grain sources (pedigrees) related to preference, feed efficiency, gain, or reproductive 
characteristics. Since most producers, however, do not feed their own grain and quality 
differences are difficult to measure and expensive to incorporate, the research budget 
emphasizes yield. 
Quality is developed along with such defensive traits as standability, disease and insect 
resistance, and drought tolerance - all essential to yield stability. The quantitative nature of 
quality not only will make improvement by selection much more difficult and costly, it will 
undoubtedly slow down the development of new products. (3n with n = number of genes 
for quality gives additional genotypes segregating). 
Assuming the breeder does emphasize nutritional improvement, he needs germ plasm 
of known favorable descriptors as well as guidance on their appropriate evaluation. 
Those companies considered to be multi-national may better be positioned to respond 
to nutritional improvement in that they work a wider range of genetic material, have better 
opportunities for diverse evaluation, and attempt to satisfy requirements for utilization in 
other parts of the world. This, however, should in no way infer that a small company cannot 
market a hybrid with better quality but the diversification needed in the product line as well 
as developmental resources may be more acceptable to the large company. 
Priorities of nutritional Quality research. Increased screening of the world collection for 
improved digestIbility of protein and starch as well as for improved protein quality seem 
essential. The apparent presence of bird resistance irrespective of measurable tannin levels 
would suggest these opportunities also need to be sorted out. Every possible effort should 
be made to define the parameters of food quality sorghum so that effective screening of the 
more than 25,000 item world collection can be accomplished. 
Variability between lots of sorghum and even hybrid x year interactions need to be 
explained and reduced if at all possible. Certain physical differences such as seed size 
variation and small seed are of real concern to processors/feeders. 
Breeders generally prefer an early release of germplasm so that superior nutritional 
traits ~ go into combination with the particular background utilized by their respective 
breedmg programs. 
Also, the breeder will benefit from more basic genetic information on quality factors. 
The more this material is dominant, partially dominant or simply inherited, the quicker 
incorporation, without losing beneficial traits, can take place. Quantitative items will be 
more costly and difficult/slower to manipulate and utilize. The breeder will benefit by 
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knowing levels essential for measurable progress. For example, is a hetero hi-lysine hybrid 
of intermediate lysine level and to some extent improved, an advantage? This could greatly 
expedite the release of an improved hybrid which would not sacrifice essential agronomic 
traits, especially yield. 
~act of nutritional Quality research. Improved nutritive value of U.S. sorghum hybrids 
. be beneficial if the yield of the end product is equal to or exceeds that of commercially 
available hybrids. At the same time, export regulations must reduce the amount of cracked 
and inert material which currently results in unwarranted criticism of our commercial 
product. Only if we offer a superior quality product can we expect a substantial increase in 
our export demand, increased land area in the U.S. going to sorghum, a more competitive 
price in relation to corn, and increased hybrid seed usage worldwide. This will mean a 
potential for improved quantity and quality of sorghum in the developing countries. 
Conclusions and Questions. As a breeder or research administrator do we have the 
information needed to allocate a budget toward quality improvement? Probably not! Will 
the product developed be primarily for export? If so, unless it is grown overseas, we 
currently lack the infrastructure to store and ship it as a unique commodity. If the product is 
for food, will it be acceptable? There are seemingly as many requirements for grain type as 
there are types of food preparation. If the product is seed to be grown overseas for feed we 
may be currently closer to making improved nutritional contributions. For food or feed, 
however, we add the variables of floury vs. corneous endosperm, waxy vs. non-waxy, large 
seed vs. small seed, and of course the many color options of white, cream, yellow, red, and 
even brown. Do we work on starch for energy or protein for quality? Will quality breeding 
affect the other 30 or more characteristics that are currently being evaluated? 
Finally, if the costs for quality improvement, which currently are not recognized at the 
domestic marketplace, bring no premium should we instead perhaps hire a breeder or 
physiologist with this breeding expertise who might, for example, give us an opportunity for 
developing more drought tolerance? Or should we add three or four locations to a never 
large enough testing program to better screen for genotype x environment interactions? . 
When you are number two in relation to corn as a feed grain, past history suggests that 
an added effort to improving grain quality does payoff. The gains have been economically 
beneficial - for the producer in pricing relative to corn and for the feeder in profitability at 
the feedlot. Certainly the correlations must also exist with regard to food for human use. 
(The author sincerely appreciates input for this paper from Dr. Gene Dalton, Pioneer 
International and Dr. James Glueck, Garst Seed Company.) 
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PANEL DISCUSSION 
(Thomas) What we would like to do in the time remaining is to have a panel 
discussion dealing with such things as needs, priorities and impact of the sorghum nutritional 
quality research. Two or three of the people who were ~riginally sched~e~ to b~ on the 
panel are not with us. I would suggest that we proceed m the order that s listed m the 
program. And when the presentations are made we may have some interchange among the 
panelists as well as those of you from the audience. So Rick, why don't you start out since 
you're the next lead man. 
(Bressani) I think that significant advances have been made in introducing high 
quality characteristics into sorghum, and the biggest problem here is protein digestibility. 
The first thing that we ought to do is screen varieties that have a higher protein and 
carbohydrate digestibility; otherwise, the advantage of having more lysine is not going to be 
expressed. The results that we have seen from Dr Graham's studies indicate that if sorghum 
is processed by either decortication, extrusion cooking or by fermentation, the benefits of 
the additional lysine are immediately seen in nitrogen balance studies conducted in children. 
So it seems to me that more research has to be done on the aspects of protein and 
carbohydrate digestibility to be able to benefit from the additional lysine in the seed. 
I don't think that there is need to really do more biological studies in human subjects 
because the moment these grains contain more of the limiting amino acids, the quality is 
going to be shown some way or other. But if there is a need to do additional biological 
testing, I would suggest that this material should be observed in diets. In other words, in 
most of our countries where we deal with human nutrition, people usually consume not onl~ 
the cereal grains but something else. A lot of times it's starchy roots or many other times it s 
small amounts of legumes or some fraction of legumes. For example, in Central America 
children are fed the cooking broth from beans which contains certain nutrients. Mothers 
mix the cereal grain with beans so this would be a way to go about the testing in human 
subjects. And the thing that really concerns me, is how to proceed to utilize the knowledge 
that we have accumulated. After two days of looking at really beautiful research, which 
needs to be translated into practical situations. I think that this is one of the biggest 
problems that we have now: to go ahead and take the next step, and certainly we have tried 
this very hard in my country, not from yesterday but from many years ago when Dr. Mertz 
sent me, I think it was in 1964, the first lot of opaque-2 maize from Purdue, and we 
immediately saw the tremendous benefits in terms of nutrition. But we haven't succeeded 
really to transfer this technolOgy to people for their use. I mean it is very difficult, and I 
mentioned it to someone that the constraints are lack of knowledge, then lack of good 
quality materials. People have an impression that the new grains require a very special 
technology to produce and this is not true. I mean I've seen them grown in Guatemala and 
the technology that they use is exactly the same as for regular varieties so I believe that there 
is need for more information, public information, so people realize that this is not something 
really out of this world. It is something that is common but has the benefit to provide better 
nutntion for people. 
(Thomas) Are there reactions or comments from the Panel Members? Questions? 
I'd like to echo Dr. Bressani's comments, I agree that the cereal should be tested, but 
any additional testing should be done within the context of regional diets. Otherwise, we are 
actually perpetuating artificial systems in looking at them in isolation as we did before. And 
als~ the element of communication I think is very, very important. I can't disagree with his 
pomt at all. 
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(Thomas) Are there other comments or reactions? 
(Kumar) I think that I could raise a point. I think one thing that appears in our work 
is that it is not really not a one product kind of approach that we have here, or should have 
here in any single situation. It is really a multi-product commodity approach. They don't 
just deal with it like they have different uses for it, they have a different definition for it in 
their cropping situation. They have a certain commodity which they are growing for their 
own consumption, they have a separate commodity they are growing for market. It could be 
the same crop, sorghum. But they are growing part for the market, and the kind of quality 
they are looking for in that is very different. And I think we can discuss that a little bit more 
here, but that is part of what you are hitting up against. One commodity that is going to 
have characteristics that would be ideal in this situation might require a series of 
characteristics. 
(Mertz) Could I ask Dr. Bressani to briefly tell us about the Patulul project that went 
down the drain? 
(Bressani) Yes, actually, in Guatemala we have done two field studies. Both of them 
were supported by AID. The first one had to do with introducing a supplementation of 
maize, the maize was converted into tortillas and a food supplement based on soybean flour 
was added. The soybean flour was added to maize at the moment maize was ground to 
make the dough. We followed the acceptability of this product, the effects of this product in 
terms of development of children in one particular village. After about some 18 months the 
supplement had to be stopped because we had an earthquake. That was in 1976. The 
whole highlands country was destroyed, but by that time we had already some information 
which strongly suggested that the quality of that food stuff based on maize and 8% soybeans 
was really of benefit in the development of the children. They had less episodes of diarrhea. 
In general, they were much better than the controls, which were not receiving the 
supplement. A few years later, we submitted a proposal to USAID to test quality protein 
maize in the Patulul area of Guatemala. For this purpose, we selected 9 coffee plantations 
that contained relatively large populations. We chose these farms because the owners of the 
plantations buy maize and give the maize to the farmers as part of their salary. We thought 
this was a good way to test the nutritional quality of high lysme maize. We did some base 
line studies to find out what the nutritional situation of these people was, what diet they 
were consuming, how the diets were prepared, and what was the child population in terms 
of age groups. We obtained quality protein maize seed from CIMMYT and contracted with 
farmers to plant and harvest the crop. Both small farmers and large farmers produced seed 
for us. We gave the farmers the seed, we gave them the technology to do the planting and 
harvesting, and took samples of their com to !NCAP where we ran the test for protein 
quality to make sure it was the stuff that we had provided them. Then we sold the QPM to 
the plantation owners. They gave it to their workers, 100 families in one place with many 
children. So this kept on going for about 17 months. At the end of 17 months information 
obtained was analyzed and it began to appear that the children that were getting maize 
tortillas from QPM were developing much better than the controls. The 9 farms were 
divided into 3 groups. Four received QPM, 4 received regular com and then the control 
group that did not get anything except the system that they had. The number of children in 
the 3 groups was exactly the same. A statistical design was used. We had a lot of arguments 
about this to make sure the differences that we were going to find were really true 
differences and not due to other factors. The project was fazed out because we were 
working in an area in the country that had a lot of political unrest and guerrilla infiltration. 
This endangered the people working on the project and as a matter of fact, our people 
became very friendly with the guerrillas. This was not accepted by many people so the 
project was stopped. However, the information that we obtained suggests nutritional 
improvement when we provided them with QPM. 
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(Thomas) Any questions? 
(Maunder) Just a comment. It seems to me that we need to do that again. In Brazil, 
or where ever the resources are available. It was looking good. 
(Bressani) It was a very expensiv~ experiment. Very, very expensive. because: the field 
teams were quite large. We were handling a very large population. It was m a particular 
region of the country where all of the studies were not more than 50 miles apart so actually 
we had everything centralized and well controlled, but the Guatemalan guerrillas got 
involved in all this, so we had to shut it down. 
(Thomas) Don't you think ~omeone shoul~ try this again? It seems ~o ~e that a I~t of 
money has been spent in developmg these matenals and a lot hinges on this. I m not saymg 
who should do it or where or how, but don't we need to? Is the data convincing enough at 
this point? 
(Hulse) We always try to remind ourselves that when we talk about sorghum we are 
talkin~ about a crop that grows in a very precarious condition. I can't speak for North 
Amenca, we don't need the advice of a Canadian on what America needs for their sorghum 
crop. But this is a crop, by definition that is one of the most fragile, uncertain kind, and 
therefore when one is talking about the nutritional quality of sorghum the first thing people 
need is enough to eat. When the rains don't come there Just isn't enough to eat and it 
doesn't really matter if it is high lysine or low lysine or anything else if there isn't anything to 
eat. 
So we have recently, and I gave a copy of the book to Dr. Axtell, had a series of 
symposia on the biochemistry and physiology of what is called drought tolerance. I think 
that we have a lot of thanks to give to some of the writers in Time Magazine and the Popular 
Press, they seem to think that biotechnology, what ever that means, is going to provide 
drought tolerance. Well, as we know, drought tolerance has no very precise meaning. It 
seems we have to look at this in two perspectives in terms of nutritional. The first is the 
quantitative one. Having enough grain grown to feed the people. And this has been a very 
serious problem. It is being acerbated now both by the rapid growth in population and the 
population, according to the world population council, not leveling off as quickly as we 
thought it would. In fact it is growing even faster. As I mentioned the other day, most 
serious to my mind, is the growth in the urban population. By early in the next century there 
will be at least 35 cities in Africa with 4 million people or more in each of those cities. You 
cannot feed those people from a window box. You can't feed them from their backyard. 
They don't have a back lot. They are so crowded in shanties, the food is going to have to 
come from the outside. This raises very different problems of lingUistics, of distnbution, of 
conservation, of processing because those people have to eat no matter how primitive the 
process. So I believe we have to look at this in a very broad context. 
The problems in North America are really quite different from those of the 
developing world, particularly the poorest people, and the poorest regions, and the poorest 
people are of the semi-arid tropics. I question therefore whether an international 
agriculturaI research center should en~age itself in trying to produce the quality protein 
sorghum. I think that ICRISAT's job IS to make sure it produces a smorgasbord of 
germplasm, 28,000 accessions; those of us that created CGIR, we realize that about 90% of 
the world's carrot came from only 12 crops and therefore it wasn't too difficult to decide 
where we should put the emphasis; clearly spinach and rhubarb weren't very strong 
contenders for our attention. And so the purpose was, John, that these centers should be 
smorgasbords so when somebody comes along and said this is the hours of daylight we have, 
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this is the soil condition we have, this is the rainfall pattern we have, right, you go to the 
grocery store and from all the genotypes we think this, this, and this is probably best suited, 
pleas,: take these and backcross them with what you have, and so on. That was the 
mtentton. 
You do grow sorghum here, we don't grow it in Canada. You grow rice here, we don't 
in Canada. You are one nation perhaps, only Australia is like you, that does have conditions 
comparable, and therefore you can make a very real contnbution to countries in the 
improvement of sorghum. I ~ that it is in the mo~e fundamental aspects ?f this. ~at you 
can help, therefore,l would think that if you were gomg to develop a high lysme this IS the 
place to be doin~ it, not at ICRISAT. I think that is the way to ~o, but then if you get this 
mto a stable gram then they can put this into their list of accessIOns and then use it. They 
are going to need your help. 
I think the kind of work we have heard is fascinating work, we went so quickly I 
confess I couldn't keep up with it, but very fascinating work on the more fundamental 
aspects of breaking down the yroteins into their bits and pieces and looking at them in a 
more fundamental way. This think is very valuable, and this is the kind of work that can 
best be done in an institute of learning of this kind. And therefore, though we scientists 
don't like to have our science planned, I think it is unavoidable now. I think the problems 
facing the world are far too great for us to be going off in our own direction, each doing our 
own thing, doin~ what suits us; it has to be a coordinated effort. This doesn't necessarily 
constrain the SCIentific imagination or the scientific capability, it should give it a greater 
emphasis. Because it requires far more able science to solve some of the real difficulties 
than just writing another paper for the next favorite conference that we go to every year. It 
is a tremendously important problem which is being outlined here, which is of interest to 
the United States and the rest of the world. And I think this is perhaps what your group as 
you come together should be thinking about. 
Just a few more words if I may. During a meeting that we had in Cairo, where we had 
people from all around the world on this question of drought tolerance/susceptIbility it was 
suggested that we take each of the main crops that are affected by drought and have a sort 
of international consortium which operates either through computer conferencing or by 
constant interchange. The Australians have offered to be the pivotal one for wheat because 
it is important to them, it is important to the US, and to Canada. I would like to see such a 
one set up for sorghum. Oearly, you have a good organization set up in the US, I think that 
ICRISAT is clearly a very important country, therefore you would have two foci, Hyderabad 
and Purdue/Texas/Washmgton, but that is a matter of detail. There needs to be the 
sorghum of the world uniting for a common purpose and determining what can be best done 
here and what can best be done at the leading edge of the developing country needs. 
Just one last point on the distnbution and the needs of the people in the cities of the 
future. I don't think one can look at sorghum in the developing world any longer as either a 
food or a feed grain. The rapid growing industries in Asia at the moment are those 
concerned with animal feeding. The feed output in the southeast Asian countries has 
doubled in the last 5 years. Three fourths of the grains going to there are being imported. 
Now that can't go on forever. They have to make very much better use of both the 
byproducts of their own communities and also they have to be producing for themselves. 
Oearly they are going to be dependent for several crops they can't grow. But, I think there 
is a rationalization which only scientists can bring about. We cannot leave this to the 
politicians. Politicians are not fit to manage anything really which involves human beings 
and their welfare. They are always mad at one another and only interested, as a friend of 
mine from the House of Commons in Canada once said, "We have only two interests, the 
first is getting elected and the second is getting re-elected." 
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And so I think we have to $et out of our laboratories a little more, and scientists have 
to be far more assertive in planrung ~e. ~ture of the ~orld's food resC?urces. yve've got to 
be the voice, we cannot leave it to politiCIans. They will only do what IS expedient for the 
momenL Certainly you can't leave it to the accountants. They are even worse. They are 
only interested in the bottom line. Quite seriously, I think there are tremendous 
opportunities and I think that sorghum could be a flag leader for the rest of the world 
because you are all very, very well organized in the U.S. ICRISAT is making immense 
progress now, particularly in Africa in integrating the production with the post production 
and the utilization. So, may I leave this as a suggestion, that sorghum interests m the world 
unite for a better world. 
(Thomas) Reactions or comments. Are you ready to unite? 
(Gebisa) I believe that it would be possible to develop a nutritional vitreous sorghum 
in a matter of 5-6 years. It probably could have been done with maize more quickly than 
what it was if they had known what they were looking for. They knew what they were 
looking for, they just didn't know how to get it done efficiently. The frustration to me is that 
in the last 10 years there have been lots of molecular genetic developments used in plant 
breeding. Lots of people trained in genetics and molecular biology. I would be very 
interested in the problem but there is no money for the work. We don't know very much 
about drought tolerance and salt tolerance. 
(Hulse) What we need is a scientific lobby which is comparable to some of the other 
lobbies that you have in Washington and that we have in Ottawa. And I'm not sure that we 
created in our two countries a scientific lobby. I think we are too quiescent. I think we are 
too quiet and we are not sufficiently well organized. The people who get organized and 
bang on the politicians doors, they are listened to. 
(Thomas) To create an expert panel is fine, but in this complex world getting money, 
that is far more difficulL 
(Young) I can't be as elegant or as broad ranging in my comments as my collea~e to 
the left, but let me focus a little bit of attention in terms of making a comment on the Issue 
of sorghum nutritional quality research. I think we have all recognized that there have been 
a number of major senior members within the nutrition community who during the later 
1970s and early 19805 proposed that we were misdirecting our efforts with respect to an 
effort related to improving the nutritional quality of cereal protein foods, of cereal grains. 
And I think in terms of the new knowledge that has accumulated over these last 10 
years there is certainly no doubt about the overriding importance of total food availability. I 
don't think anybo~ questions that. This remains a major force of concern as Dr. Bressani 
indicated. But I think over the last 5-6 years our understanding, and in the context of 
protein nutrition, there has been such, that now a very good case has been made to take a 
new look at the role that protein nutritional quality plays as a factor in determining the 
nutritional health in populations whose diets are predominantly cereal based. And as I 
indicated very briefly in my presentation, the day before yesterday, I think the new 
recommendations of the F AO/WHO consultation group would lead us to suggest that using 
at the moment, inadequate data admittedly, there are a number of countries in the near 
east, in the far east and Africa where the quality of the diet as well as the quantity of the diet 
is a potential determinant of the health of those populations. And I agree completely with 
Ricardo and in the context of sorghum nutritional quality research that an immediate focus 
should be on the availability or if you like the protem digestibility issue. There is no doubt 
about thaL 
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But the question that John has asked us a number of times during the course of our 
dehberations is whether or not an effort should be focused towards increasing the 
concentration of lysine in sorghum proteins. My personal view is that that would be a very 
worthwhile effort. However, that is a personal point of view and I think my 
recommendation as made earlier this morning 15 to now bring together a panel of 
knowledgeable people whose expertise ranges more broadly than the expertise that exists 
within this particular room to come up with a specific recommendation as to the extent to 
which nutritional quality of diets is in fact a determinant of health. And if it is, how should 
this problem be resolved? And that is basically what I wanted to say, Mr. Chairman. I think 
the tide is changing. And I think it is now time to take a crash look at the problems. 
(Hulse) Mr. Chairman, may I just say, what I was saying, I wasn't in any way su~esting 
that what my colleague to the right has recommended, I wouldn't sup~ort. I think it 15 the 
way you do It. I think that the U.S. is the place to do that work. I don t think it is for the 
international centers, because there are too many other loads on their back. I don't think 
they can devote enough resources. This is really what I was talking about. Try to plan the 
work. I think this is the right and proper place. You've been doing it so long. You have the 
expertise here. Both in the University and close associations. This is really the point. 
I might add that without INTSORMll.. none of could have done what we have done. 
You have this fund in Canada to support institution's collaborative effort, because that is 
basically what INTSORMll.. and what the CRSP programs are and it does work very 
effectively and I agree that there are things that can best be done here and then once the 
final answer is available the final material can be incorporated into the Centers program. 
Basically this is what we have done in sorghum. In contrast to CIMMYT, we have broken it 
down that way. I would have wished that at times there would have been a little more 
encouragement from ICRISAT, but nevertheless there are competing interests, competing 
views in all the International Centers just like there are in all our institutions. The job was 
getting done, but there is a point when it would involve what is no longer just a researchable 
problem, there is a point when the international centers will have to devote some resources. 
(Thomas) Reactions or comments. 
(Young) I don't think any of us in the nutrition community argue that total food 
availability is the primary problem. But, I began talking to a few of the higher echelon in the 
nutrition community who propose that that was the only problem and a number of them are 
beginning to whisper in my ear that perhaps they weren't right. And those who aren't 
whisJ?,ering in my ear relative to admitting that they weren't right, I don't care about them 
they II be retiring soon. To be quite honest, John, a man who played a very major role in the 
international protein nutritional field said to me only about a month or so ago, he now has a 
very strong feeling which is contrary to his early pronouncement, that protein is of 
importance particularly in the context of the linear growth of children in so many developing 
regions of the world. So, I sense to some extent that the pendulum will swing somewhat 
back towards the middle. And there is no doubt about that during the mid 1960s it went too 
far one way. And during the later 70s it probably went too far in the other direction. But I 
think Dave, I'm very encouraged from the contacts that I have been making with those sorts 
of individuals. And I think that the meeting that Ricardo, Bjorn and I went to in 
Washington early on, it was early in December, begins to prove that particular point that 
there is a growing recognition that quality is probably more important than was considered 
to be the case 5-10 years ago. 
(Jerome) I have a question I would like to direct to Vernon about the faddishness of 
science. Don't you think we have lost or have been losing a little more creditability because 
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of this faddishness? Now one thing, and now anpther, if this were true ~cience would ~~ be 
as faddish as we have turned out to be? The pomt that I want to make IS that the nutntion 
CRS.P,which is the largest body of data every collected a.nYWhere, emphas~s the role of 
quality versus any of the two points that were made earlier, energy or protem. We went out 
into the field, as some of you kno~, to test ~ ene~ hypothesis, ~ calorie hypothesis, and 
came out convinced that the quality of the diet which we learned m Home EC. 1 many, many 
years ago is important. And is directly linked to health. So the more power that we can 
bring to reducing this variability based on very limited data, or based on the ideology of a 
few people, I think the better off we will be and the greater creditability we will have with 
cooperators as well as consumers. 
(Young) I am very encouraged here. The problem with nutrition in relation to the 
faddishness, as you put it, is that it is a very inexact science. It is not an exact science as is 
chemistry, mathematics, and physics. And I think therefore this introduces the opportunity 
for subjectivity and personal opinion. We are not able to define in quantitative terms what 
we mean by health. And so we run into major problems which are less difficult in animal 
nutrition where one has productive, objective measures to go by. So to some extent it is the 
inexactness of our science that is the major problem. Or a major contnbutor to the 
problem. I don't want to philosophize more, I'll have a little drink with you sometime to 
discuss it further. 
(Young) A number of years ago we had a meeting with sociologists, anthropologists, 
people who had been working with people in the semi-arid tropics; we met at UNESCO. 
And really most of the information that we got was much more descriptive than statistical. 
You can not rely on household surveys. They are most unreliable. 
(Jerome ) Yes, but I don't think that you are familiar with the data base that we are 
referring to. 
(Young) I am talking ~enerally. We are talking the semi-arid tropics and this is the 
reason we are talking about It. There are great ups and downs, for example if you go live 
among the people in West Africa at the time of the harvest. There is a significant calorie 
intake, the women are workin~ so hard they haven't time to prepare meaTs. Within a family, 
if you sit at a meal with an African family, Senegal, Mali, if they are eating with perhaps 
some goatmeat, all the newly weaned child gets is a few grains of cereal. It is the adults that 
get the meat. So even within the family there is an immense disparity between what goes 
into the stomach as distinct from what F AO tells you is the total grain production divided by 
the number of people in that particular community. We are desperately short, particularly 
in many African countries, of really reliable data based upon nutritional status as distinct 
from production data divided by people. 
(Jerome) Yes, now we'll have to share our information with Dr. Hulse, this was a very 
carefully done three country study with precise variables qualified. And we are not just 
talking about a survey. We anthropologists lived in the community with people who were 
able to provide fairly exact measures, exact as they come. We would be happy to share what 
data we have, the" publications with you. 
(Young) Many people have tried to do this, but there is a paucity of data over the 
poorest communities of the world. 
(Jerome) And what we are offering is the most meaningful data that exists right now. 
(Thomas) Let me suggest that unless there is another question right now or comment, 
why don't we turn to Dr. Jerome for her comments right now. 
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(Jerome) Thank you Mr. Chairman. I think I would like to refer to the charts that you 
gave us, and I quote, "We would like this group to make a systematic examination of the 
reasons for not fully realizing the potential of the scientific breakthrough of the 
development of high lysine com and sorghum." End of quote. Did I quote you correctly? 
OK. I decided to use this as the basis for my comment. And before going into the reasons 
as I have itemized in here, I would like to answer in just a few words. The answer is simple 
as far as I am concerned, I think that with all due respect to the eminent scientists that are 
present here, I believe you have violated the basic principles of development. And this is 
precisely why the question was ~sed in that way. No, what I tried to do since I never 
mtended to be in with agrononnsts and plant geneticists and plant physiologists, I decided to 
pretend that I had entered a foreign country, because I had, and try to learn how your 
people go about their business. Arid I learned a great deal about, I should say how the 
various scientists that I referred to answer questions and my conclusion was that you 
function in virtual isolation. Not only the nutrition scientists, but the social and behavioral 
scientists, the marketing specialists, all the sciences that you need in order to answer the 
question that was posed. 
(Jerome) Now what I'd like to do, having criticized you, is to offer my perspective of 
development and how you should have done what you were supposed to have done. I don't 
believe it's too late. As I said, I hope you take this in the spirit in which this is being offered. 
It is the rule in development to learn from the people. And I'd like to cite Dr. Pushpamma's 
paper as an excellent example of how one goes about doing this kind of work. I don't know 
whether she's a nutritional anthropologist; 1 am a nutritional anthropologist, and I have 
learned that you first learn what people do, all the good things how they have learned to 
adapt to the situation in which they find themselves, how they solve their own problems, 
because after all, we have a population explosion as I understand it; the world is 
overpopulated, so people must be doing something right if they continue to perpetuate 
themselves. So given that as a premise, if they are able to solve their problems, and we want 
to help them, the important thing is to find out what they're doing, that they do so well that 
we would like to learn from them. Another way of putting this is to find out how they adapt 
to responses - what was their adaptive response to their peculiar environment over the 
years. And we have a number of examples of some of the adaptations that they use. 
In one instance, we learned about wood ash that was used, extended soaking, 
fermentation, the use of freshly prepared flour; I forgot to ask in the question and answer 
period: why flour was used, prepared to use for four only days at a time, but there must be a 
basic household rule about this which we ought to learn about. We learn about germination 
of wet grain, which again is very important. Secondly, our response should be quite specific 
and not global, and as I listened to you over the last two days, it seems to me that you were 
looking for global solutions, global responses to global problems and the problems are not 
global. The problems are site specific, community specific or region specific. And the rules 
come out of the site, out of the community, out of the region, and that is what we need to 
learn so that we'd be able to develop an appropriate response in the laboratory. In other 
words, I'm talking about targeting that which cannot stay at Purdue university, or AID, or 
the University of Kansas where I came from, and devise systems for people whom we don't 
know or understand. My third point is that our initial response should be essentially the 
kind of response that Dr Pushpamma presented to us and that is it should be to upgrade a 
local situation that needs upgrading rather than elaborate complex solutions that would not 
be apparent for some twenty to thirty years. And she gave some very good examples of 
upgrading diet situations, such as use of a local sorghum dehuller and the devising of 
products that people seem to want and need. Some one yesterday, I believe, said what you 
do, maybe it was Dr. Hulse, you improve the familiar. This is one example of the short term 
doable thing that one ought to do, take an initial response, including the increasing of 
incomes. 
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The fourth would be to utilize a horizontal rather than a vertical approach to 
problem solving. A vertical approach is a "top down" project that you take into the 
community and say you do this and your life will be better ten or twenty years from now. 
~ereas, a horizontal approach is sin!il~ to the one stat~ment by Dr Pushp~a ~d t~at 
IS to integrate as you try to make that lDItial1l:pgrade you, mtegrat~d to the ongomg SItuation. 
The fifth point is to blend· since you cannot slDlply funCtion on this lateral level you must 
have some top-down app:oaches. My suggestion is that one blend the top-down approach 
with the bottom up approach so that partners!rips will be fo~e~ between the professio~al 
experts and the lay experts. ~very consumer m the co~umty IS a lay expert; partnerships 
among the community, the pnvate sector and the public sector; between the local 
communi!r' volunteers and employees. So we're talkin~ about a community as it operates, 
whether it s in West Lafayette or in Ouagadougou, that s how development takes place. 
And finally, long term strategies, like the kinds of things that you do in here that will then 
feed into the short term strategies. I am suggesting that if these steps had been taken some 
twenty years ago the questions that the chairman posed on Monday would not have been 
posed, or if posed different words would have been used. Thank you. 
(Hulse) Just one reaction. You said an awful lot and I can't digest all that profundity 
that quickly, but, I agree completely with you Norge that the solution ultimately has to be a 
sort of a site specific one but m the context of sorghum nutritional quality research that 
surely is a species issue. It's a matter of human nutrition and how one applies the benefits of 
that research. So to some extent they can't be faulted for doing what they're doing. 
(Jerome) Certainly not. And what I'm suggesting is that what they're doing is a long 
term strategy. they've demonstrated it takes a long time in order to do it. But this should 
have been blended with a short term strategy. People are consuming sorghum in various 
communities and they are using different local strategies in order to prepare them 
appropriately for consumption. So having learned what they're doing that's useful you apply 
this to the research in some way so that will then feed back into the local situations. And it 
varies. 
(Hulse) I think I take absolutely what you say but it is both and we haven't discussed 
Dr Pushpamma's idea. No one does it better, but in relation to international centers there 
are certain types of research. For example, improving the yield of rice. You could not have 
had that done in every rice breeding locality throughout Asia. You have to have a central 
program, you need a critical mass of scientists to make major breakthroughs, but then what 
we in the development agencies, certainly lORe did, was to try to link the people, such as 
Dr Pushpamma, such as Dr Gomez, with the international center so that they could adapt to 
local needs. . .. 
(Jerome) You're agreeing with me Dr Hulse. This is exactly what I'm saying. That is 
what I said. I saId both, partnerships. I talked about partnerships between the experts in the 
laboratory and the experts in the local situation. That is how you get these things to happen. 
(Hulse) Quite. But I think in a meeting of this kind it's difficult to look. Its 
exceedm~ helpful to have some people who come and give a very local perspective. But in 
the m~lVe, in the longer term strategy for plant breeding and also I'd say for food strategy 
plannm~ we need to be planning for those multimillion population cities in Africa now. We 
can't WaIt for that to happen when they're already there and they're dying and starving. 
(Jerome) Of course. You're agreeing with me all the way. 
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I'd just lik~ to comment that it may be kind of astonishing for peo~le like me and 
perhaps Dr Larkins to know that we're doing development. And at least m my case, I 
thought we were doing science. And that is the perspective we come from, and so we're 
doing poorly. And I wouldn't ~gue with you for a mome~t that we'~e doing poor . 
development, OK. But our SCIentists say maybe we're domg poor sCIence. I mean mother 
words, in this area of trying to meld the two we take some criticism from both sides. We 
could move faster in sCIentific achievements if we didn't mess around with what goes on in 
Africa. OK. So I'm just saying there is another side to this criticism. 
(Hulse) And it's well taken. I think that much of it has to do with the fact that many 
of us entered the development arena accidently. And that there has not been any systematic 
training for that phenomenon, that modality, and there should be. I think that Purdue 
University has a critical mass, the critical mass of developments and expertise to do just that. 
I think it ought to be taking place here. 
(Thomas) I'd like if I might, Norge note that that is the kind of an issue bringing this 
group together. That the collaborative research is more global, is really basic. And I'd like 
the reactions of John Yohe. 
·(yohe) I couldn't agree more fully with Norge because I feel like it and I think 
probably the sorghum-millet program more effectively than maybe the small ruminants 
program possibly has captured the idea of horizontal development because we have 
focussed on six countries, we have a full multidisciplinary activity going on within those 
countries and we have interaction between the local scientists and the counterpart scientists 
back here in the US. So we're taking relative research that John Axtell and his people, 
Uoyd Rooney and his people at Texas, have been developing on the improvement of 
sorghum and pearl millet, m this country, and working to adapt those things to the 
horizontal situation in those countries in Africa or South America where we're working. I 
think gradually we're having some impact. The thing that bothers me most of all is that I 
think that things could move much more rapidly if there was this continued realization that 
it's a combination of the vertical approach with the horizontal approach that is going to 
come out with the longest, with the ~eatest amount of output in the long run. And the 
commitment to the vertical integratIon and the continued development of vertical 
excellence within communities in the US as I said a few minutes ago, is being bled to death, 
because people are not receiving the kind of resources they need to even do a half adequate 
job. I think this is the biggest crisis of development and in the kind of things we've been 
talking about, it's the biggest crisis we face today, that is, the continued commitment to 
support the excellence of the science that we can bring to bear here upon those problems in 
the developing world. 
(Thomas) Those are tremendously important in breeding types of issues which 
concern us here and I expect useful to do. But let me, if I might, ask Dr. Kumar for her 
comments. 
(Kumar) After the last two or three speakers I really feel a little bit that I have to 
come down to the nitty-gritty, the practical level at which I operate, and in doing that I want 
to start out with some of the really big problems that I see in this whole protein quality 
improvement aspect of sorghum and in a way it relates back to the experience WIth the 
maize quality improvement programs and the dilemma that followed, and I'm coming much 
more from my work in Africa where I have been working on com the last 10-12 years or so, 
and I want to relate a little bit to the experience in Asia. I think the situation is really quite 
different, and I'm not going to deal with the Latin American situation at all, but in most of 
the African countries where we've been working, the level of rural infrastructure, the market 
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integration and all of that, that is present in communities, is very minimum. As a result of it, 
there are a very small number of families who really integrate with the market in a big way. 
Everybody has some sort of cash income, some kind of external employment outside of the 
farm sector. But in terms of producing for the market, it's a very small percent of farmers 
who are doing that. They are the ones who reached my extension sC?rvices, the ones who 
reached for the information, they are the ones who have the education and any 
improvement that comes along, they are the ones who are going to respond to it. They are 
the ones who are going to buy the inputs, protect their grain market, all that. The incentive 
they are going to respond to, is the price incentive, the yield incentive, and so immediately 
this whole quality protein work puts us at a disadvantage as far as that segment of the 
producers is concerned. 
I think this is a very important need as far as the subsistence producers are 
concerned, that segment of 80% of sorghum producers that you're not able to reach through 
all these mechanisms. What they are producmg, what they are consuming, the quality of 
their diet, the fact that for a large part of the year they are going to depend solely on their 
staple for their diet. They are the ones really who need this improvement and they are the 
ones hardest to reach. I don't see any real solution to that other than what Dr Bressani has. 
He's going to hand them the seed. Here, go grow this and they are growing it and they are 
using it and it may be that you need to drop the seeds by air; I don't know how to reach 
them, but they are the ones who need it. That's the problem I see in most of the countries in 
Sub-Sahara Africa at the present time. Of course in the future when we have a lot more 
integration and development, it may be a different situation. A bit more like the Asian 
situation now. In the Asian context what we have, of course, is a very large percent of 
landless populations, a lot more of the labor force we have with very small farm sizes. There 
is a lot more specialization. There is a lot more irrigation, people are doing more than one 
cropping cycle. The result is that the integration of the market is much greater. 
Most of the Asian countries that you're familiar with have had as a scale the adoption 
of improved technologies, new seed which goes down to the very smallest level. Because 
even at the smallest scale the farmers are integrated into the market. They are producing 
for the market. They are producing something they are going to sell and buy back for food, 
because they are not some of the more self sufficient kind of producers. There again the 
incentive is yield. The extent to which the product has a market, the extent to which the 
processors and the food producers are going to buy their product and there is a demand for 
It. The kind of thing Dr Pushpamma was reporting yesterday, the new prOducts, the 
entrepreneurs, all will feed into that. Again the yield advantage would take precedence, I 
suspect. So, how does one really utilize these breakthroughs and advance on the quality 
side? I don't see any great big solutions to that other than the kind of producers we have 
here in this country producing for their livestock. They need to have a single food source 
that is going to be goo~ for their livestock with minimal additions. And they are doing that. 
In a way they are subSIStence producers to a large extent. I don't know to what extent this is 
really marketed, if it could compete and be of market and price advantage. I'd like to put 
that out to the group. I really see big issues that need to be resolved. 
(Thomas) Are there comments or reactions? 
I presume you're using quality, as I mentioned yesterday, quality determined by 
means. You are talking strictly about nutritional quality, now? 
(K~ar) .o~ Because certainly the breeders have learned to their peril if they 
p~oduce a ~gh yteldmg one that nobody can cook - one of the international centers did that 
~th a particular bean: They produced a high yielding bean but it took the women three 
times as long to cook It and the farmers grew it only one year. 
(Thomas) That's another very important issue. 
You're speaking strictly about nutritional quality? 
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(Kumar) That is right, 'les. The new hybrid maizes for instance, are very hard to 
process locally. But once they re sold they are going to the big, large scale mill. There's no 
problem with that. 
(Maunder) My assignment this morning has to do with the industry's viewpoint on 
the topic that has been going on since Tuesday. Perhaps that's roughly equivalent to the 
diagonal approach. It's not quite horizontal or vertical. My customer is the Eroducer, the 
farmer. My secondary customer is the user, the utilizer of the product. So I m kind of in a 
quandary here on how I fit into the picture. But before I get into that, I would like to thank 
Gebisa and all the rest of you that are here that were involved in organizing this meeting. I 
had one other errand to do while I was here, and as I looked at the program, it appeared to 
be impossible to ever get away to do that errand. So luckily the errand came here, Karen, 
that was. So that was a good deal. I hope some of these comments I say won't appear to be 
like a flat tire on a holiday trip with your family because they probably aren't all favorable. 
But my assignment was to talk from the indUStry viewpoint, so we'll go ahead. The three 
topics were these priorities and impact that we were to discuss on this panel. The needs of 
research from the industry standpoint, from the standpoint of seed production are that 
under current pricing policies it's very difficult for those of us in the seed business to look at 
the nutritional aspects, or quality, as the primary factor in our work. Because we realize the 
producer out there is not getting any premium whatsoever from the standpOint of quality 
except in a few cases which I really don't have time to elaborate on, but there are some cases 
right now in this country where there are some premiums involved. Overseas there have 
been all kinds of demands for particular grain types to be accumulated for export. But 
never, to my knowledge, has there been any indication of a premium and, therefore, the 
10c~H grain elevators will not keep the grain separated to put this together. 
The next fact is that quality in this crop has to interact with the defensive traits along 
with yield. Because quality is an offensive trait. Quality and yield are offensive traits, and 
we have to interact them with standability, disease and insect resistance, drought tolerance 
and all these together give us yield stability along with quality. So it's not a very simple thing. 
In fact, I refer back to Mendelian genetics which is what was in vogue when I came in, just 
rediscovered Mendels laws when r got to Purdue, its three times the power of the number of 
genes involved that you have to look at for the number of genotypic combinations. So every 
time we add a factor, you know that quality is very quantitative, at least if we combine all the 
various aspects of this meeting, I think you can appreciate that the population needed to get 
into some of these things becomes almost unbelievably large, unless we can then go to a 
newer science where we can handle these things, perhaps effectively and more efficiently. 
We realize that to make any kind of progress with our current approach germplasm must 
contain the traits necessary, because you can work all day in a population and if the factor 
doesn't exist you never will make progress. We need a lot of guidance for those of us in 
plant breeding work. Obviously, we do not consider ourselves to be nutritionists or 
authorities on biochemistry, so we need all of the help we can get. Fortunately, the Purdue 
group has been extremely helpful, and Uoyd Rooney, for example, at Texas A&M in this 
regard. The seed companies, in some cases; there are about fifty seed companies that deal 
with hybrid sorghum. There are probably five to ten of these that are actually involved 
extensively in research. These companies are generally also multinational and they do have 
interests all around the world. They have more of an opportunity to be in a position to 
utilize improved quality. I think they'll be the ones who could be of the most value and help 
in upgrading the topic from the standpoint of food as well as feed. 
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Yield as I mentioned, it has to be the number one thing. This is what determines, in 
many cases, whether a particular product is l;lSed versus another one. l!nfortunately, quality 
in regard to premium is usually based ~n a dlSCO~t rather than B: prennum. , IT you don't 
have a certain level of quality you're dlScoun~ed, If you have quality you don t get e~a. So, 
the producer is looking for, regardless of gram type or color: brown red yellow or ~hite, he s 
l~king for something that's bigger and b~tter and most ~orghum producers wO!k m a 
diffi~t environment where they are looking ~or some~g at. the end of ~e rambow or 
hangmg from a crane at all times. Also as I tned to pomt out m the ope~g set of 
statements, quality is one of the many factors that ~~e up the whole ~hing and we can't talk 
about any one of these traits alone. We could do this if we were a basIC researcher and we 
were on a vertical path, but if we're looking at the whole picture, we have to have this total 
business of defenslVe traits combined with yield up at the top. Quality is of course an 
integral part of the puzzle. The introduction in the 1950's of yellow endosperm sorghums in 
Nigeria, Sudan, and some other places, that was used so much in this country from 1963 on, 
really didn't come about necessarily because of quality, because when this material was first 
worked into hybrids, it was from an agronomic standpoint on combining ability for higher 
yield and better test weight. It was for stalk quality; there were stiff stalk traits with some of 
these lines. This material had resistance to smut, anthracnose, charcoal rot, tolerance and 
virus resistance, and we had drought tolerance involved in these lines that came in that we 
were working with. So its just an associated factor that we did see what we did hope was a 
real measurement of improved qUality. When you look at yields, and we talked on Tuesday 
about a substantial increase for com and sorghum, contest yields, where we recognize 
producers for their best performance, yields were 65% more than average. 
When I started working with sorghum, 56 Ibs. was the common weight of a bushel 
and you seldom saw too much sorghum that went above that. Now it's not uncommon at all 
to see 60+ Ibs per bushel. Does that mean that we have less floury endosperm and more 
corneous? I'm not sure. But I think this is generally considered to be the case. We're 
looking at these newer types of endosperm, the yellow and heteroyellow endosperm, and we 
looked at the lysine content of these; we do in fact see that instead of 1.8- 2.0% of the 
protein, it's not uncommon to see 2.2 - 2.4% without any major gene for high lysine, which 
suggests that we perhaps have brought in some modifiers with some of this material that in 
fact have not reached us up. to the opaque level of yellow com, but have in fact given us still 
a better array of amino aCIds, a thinner pericarp, maybe, maybe not; improved protein 
quality, oil content we need to look at yet. Of course, increased digestibility. I think that just 
the fact that we've eliminated the high tannin sorghums has been a pretty significant factor 
in increasing digestibility. And finally, if the plant is healthier, more disease and insect 
resistant and is producing better gram, its probably going to put out grain that is better 
utilized by our feed industry. For example, in this country Uoyd Rooney said a lot has 
happened with sorghum quality since the last 20 or 30 years and it's kind of reflected here 
and it's not the same as it was back in '49, obviously. 
I mentioned earlier that we have a lot of cooperation around the world with breeding 
programs, this happens to be a harvest scene in South Texas where we were working closely 
with one of our South American workers, on the one side, one of the US researchers on the 
other side at harvest time and there's a very good interchange of materials in industry 
around the world just as there is for example through INTSORMIL or through the 
ICRISAT program. As far as the impact on nutritional quality, its beneficial if the result is 
improved commercial product along with improved export regulations regarding inert 
matter. I think that another factor that came up in the meeting is that we can improve the 
product but if we l~~d the boat with dirt, and foreign materials, it's not going to be well 
accepted or well utilized so we need both. Then we'll have increased export demand, a 
more competitive price in relation to com quality with increased hybrid seed usage 
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worldwide and potential for improved quantity and quality of sorghum in developing 
countries. I think that it's safe to say if we take the thought of the previo~ slide as being. 
correct, that starting in the mid sixties, hopefully we were looking at more lIDproved quality 
grain than with RS610, which was the original type and quite a ~,?ury so~ endosperm . 
compared to the types that were looking at now. We have partICIpated m a lot of feedmg 
trials over the years, we've been quite encouraged by the performance of some of the newer 
types. I don't think its fair to generalize and show data and say that yellows aren't any better 
than reds, or reds than bronzes. I think that we have to talk about geno~es, a specific 
yellow versus another yellow, or cream versus a red, because I think that s what the whole 
picture is about. We just can't ~eneralize and say a whole class of grain is good, or a whole 
class of grain is not strong. I think this sort of data is interesting. When we look at the last 
results from the national research council and look at the amount of net energy of corn and 
sorghum for maintenance and for gain and TON, and see that sorghum is rated at 97% for 
maintenance, and for gain at 96%, I think we see the overall picture lookin~ quite . 
encouraging from this sort of data compared to the 88% that we based priClDg on for the 
farm program back in the early '60s. 
Perhaps 15 years ago or more when the P-721 was released, we spent several years 
and quite a bIt of money, perhaps not more than $100,000, in a backcrossing program, 
evaluation program for hetero-high lysine. This happens to be a hybrid that is segregating 
for that traIt; I don't know if it shows up in the picture, but some of those grains should look 
quite a bit different than others on that same particular head We really haven't had any 
discussion in this meeting on whether there's value in the hetero-high lysine as opposed to 
the full homozygous type of plant, in that from a production standpoint and a conversion 
standpoint we could ~et to our levels of heterosis and make progress, of course, considerably 
faster with a heterohigh lysine as we see in this particular shot. But the cost of analysis and 
the time involved and the .• .level of agronomic traits that we reached still didn't make it a 
product that appeared to us to be superior to or equal to in many cases what we were 
currently working on,. And what we need to do is put sorghum in the same place around the 
world as some of the other cereal grains or legumes. As far as priorities for sorghum 
nutritional research, the third topic we were assigned I think that we need to have more 
information from the world collection which varies in quantity depending on where you see 
the figure listed, but certainly 25000-30000 items is the minimum. We need to know the 
parameters needed for the food aspect of sorghum. 
We need to look at the causes ofvariability in sorghum quality, one of the biggest 
con~erns of the producer who is feeding the ~ain. Earlier release of germplasm with 
superior nutritional traits is needed; it doesn t have to be a finished, elite line, but a source 
of breeding material. And finally, basic genetic information on quality factors. I think that 
this last point is pretty appropriate. And I'd like to just conclude with a few questions that I 
would like to put forth and perhaps we can get over to one other slide here in a minute; that 
I have a little concern here on this particular slide and that is probably out to lunch and 
we've been out to lunch in regard to neglecting this whole topic. I wish we could've had this 
meeting about 15 years ago, actually. And perhaps all of us would've had a better idea 
where we should have been puttin~ our money and how much we could've been doing with 
it. Maybe the word probably is fitting because I think it's kind of like when we talk about 
drought, there's still a lot of unknowns and its really hard to make a firm statement on which 
way we're trying to go. But from our perspective, what we're trying to do has to be good for 
the farmer. And with that I would like to Just ask a few questions. 
The question I would have is how much of a research budget from private industry 
should go to nutritional improvement, when sorghum unlike corn is not considered a real 
profitable item, at least in this country? Sorghum is the primary hybrid item in the US and 
corn is the real money making item as opposed to sorghum. Sorghum can be profitable if 
you either are very small and have no research and very little overhead, very little 
management costs, or if you're holding down 15 or 20% of the market. But it's not a very 
profitable crop to management. Management more and more looks at accountants, and 
accountants look at the bottom line, as we've heard already today. . 
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Is the new product only for export? If the new product is only for export, that is 
closer to where we are. If the new product is something for the US farmer I'd say we're 
further away. But if it's for export and if it's a grain, a tan plant type and meets some 
standards from a food standpoint, I think perhaps we're in a better position. If so, then, will 
it be accepted as a food? We've heard in this meeting that we have to be concerned about 
whether we need a floury or corneous endosperm. Do we need a waxy or a non waxy 
endosperm? Do we need large seed or small seed? Do we ~eed a white grain or a cream 
grain or a yellow grain or in some cases even brown? Certainly I hate to talk about high 
tannin sorghum, or red. What's the type offood use? How's it going to be prepared as far 
as the end consumer? Will it even be acceptable after all this money has been put into 
developing the thing? And I think it's awfully important that we know right from the point 
where It's going to be utilized, if we're on the right track. How will quality breeding affect 
the other 30 or more traits that we now consider essential, before we release a product? 
We look at about 20,000 new hybrids every year in our program, and we release 
about two. So there's essentially 19,998 that get thrown in the trash. And these two survive 
because of having gotten closer to meeting these objectives, and if we add quality, as I 
already mentioned, the factor for selection really becomes much greater. Do we work on 
starch or protein? If it's primarily for feed use anymore, are we more interested in the 
energy aspect of starch? There's a trade off when it comes to industry. The money we 
might put in quality would pay the wages of an additional plant breeder. The money that we 
put into quality could give us 3 or 4 genotype by environment locations which would make a 
safer judgement on releasing a new product to the consumer, and I assure you, that's a very 
big objective to any program. You can't have enough environments to evaluate a product. 
From my personal standpoint, I would I;>ersonally like to see a much greater commercial 
effort on nutritional quality. When you re number two to maize, in this case in the US like 
Avis to Hertz, you want to find out ways you can be more competitive. I think that we can 
be more competitive ifwe can make sorghum a crop that has closer attributes, as far as 
utilization, such as nutritional properties, to com. Certainly, quality protein sorghum may 
be the way to go, just like we hope it will work for you in Brazil. These are my comments, 
Thank you. 
(Axtell) Thank you Bruce. Are there questions or comments on Bruce's 
presentation? 
Just one question. How do we get to the point. I was talking to a rice breeder at 
IR~I a year ,?r so a$o, and every ri~ breeder he says can take you out and shc;>w you a 
vanety that YIelds higher than anythmg on the market. But they can't release It because it 
doesn't meet certain minimum quality standards. There are tradeoffs for qualities that 
wheat breeders make, that rice breeders make, just to maintain a minimum level. It seems 
to me we need to define somehow in sorghum what is minimum; now for a feed grain it's 
one thing, and for a food grain its quite another in terms of all the things we've been hearing 
about: the processing quality and everything. But the more, the closer we can come to 
define these things, it seems to me the better off were going to be in terms of having to make 
some trade offs to get the product that everyone will recognize as being a better quality 
sorghum. I don't know if these may be different for feed and food grain. 
(Maunder) Really, plant breeding is one big game of tradeoffs, right? Because 
there's no perfect product, there's no perfect hybrid and there never will be one because it's 
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a biological phenomenon; there's always going to be something going into it. But it seems to 
me two things that can happen, John, one would be that ifwe had standards within sorghum, 
that said we had to be at a certain point, this would of course give quality the necessary push 
that we w(;lUld like to see. The other thing I think is th~t maybe .we sho.uldn't .be s~oo~g for 
the very highest levels of all of these traits, but for the mtermedlate pomt which still bnngs 
us up considerably, and maybe that's why I question even hetero-high lysine, for example, 
instead of homozygous. Because maybe if we pick up a lot in little places were ~oing to gain 
from 96 up to 98 or 99, and that would be a wonderful accomplishment. So I think that's the 
way we have to look at it. 
(Rooney) I have a comment specifically to that. John, I work with the wheat 
breeding pro~ as well and the last week in Kansas City we had the hard red winter wheat 
quality council advisory group, industry people, big industry that has a vested interest in 
seeing that those wheat varieties have good milling and baking properties and so that the 
loaf literally isn't too big for the sack, so to speak, to put it in there. So when you have a big 
strong industry backing this then quality becomes a little bit more important. The rice 
industry is fairly limited, but the markets are for human food and for specific processing 
capabilities, and they put their money where their mouth is in some cases and support 
research and development to do that on varietal development. I have a colleague in 
Beaumont that does several thousands and thousands of samples of rice in the breeding 
program every year. 
(Hulse) I wonder if I could make a request, Uoyd, this term quality keeps being used 
by people. He was using it quite differently than you were using it. We in the milling 
industry didn't look at the nutritional quality, we never bred to get more lysine in wheat in 
Canada. What we bred for was a better yield, milling and baking quality. I wonder if we 
could be sure that when were talkinS nutritional quality we say that's what we're talking 
about. When we're talking the quality of what I call the quality of utility, there's a different 
thing all together. The more gluten you have the poorer the nutritional qUality. I don't 
mean to sound niJWing but I think we could get ourselves confused to people who are not 
here. We could a1f get ... a nice terminology .•. evident quality and cryptic quality. Cryptic 
which includes the seed in terms of nutritional benefits and then the evident quality which 
you can see and shows up in your product. 
(Rooney) Again you know farmers in Western Kansas get a premium for protein a 
year that is wet and a lot of high yields in wheat, protein content in the grain is low; the 
milling and baking companies to get high protein grain to mix with the mellow wheat, the 
gluten varieties, they have to mix it, they have to pay a premium. And then next year the 
farmer plants a little extra fertilizer in there and he gets higher yrotein and he says they are 
not paymg me a premium this year for 13% protein. Last year got 25 cents a bushel. This 
year there's all kinds of protein around and they don't have to pay for it you see. 
(Axtell) Let me introduce our last panel member, and I'm not sure which hat Uoyd 
is going to wear when he has something to say here, but he has something to say. 
(Gebisa) Can I ask a question concerning a comment Dr Maunder made? It goes 
back to a comment I made during my presentation in that those of us here at Purdue and 
ICRISAT as well, went out to lunch WIth regards to the protein quality research. You made 
a statement earlier that from an international center like ICRISAT, Dr Hulse, your vision 
earlier on was that these centers would probably be a smorgasbord of germplasm. Can 
ICRISAT or centers like that, ICRISAT in particular because were talking about sorshum 
protein quality research, can they afford to go out to lunch and not have protein qualIty as 
part of the smorgasbord that they ought to be providing? 
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(Hulse) What I was saying, I think it's a question of planning research. I think the 
planning of research is having the job done where it can best be done. I don't think you 
overload the international centers with research that can be done equally well somewhere 
else. They should be doing what has to be done where they are. Certainly they should be 
important, but for example, for the moment IRRI has got, with the Rockefeller foundation, 
something that is probably going to cost about 20 million dollars over the next five to ten 
years, on pathogen, pest and predator resistance, bringing the wild rice that they are looking 
at, (there are 22 wild species of rice) and looking at what resistances you have in those and 
puttin~ it in ._ but IRRI's not doing it at IRRI. It's being done at the University of California, 
It's bemg done at Rockefeller, it's being done at Carlsberg, it's being done in Britain, it's 
being done in China. They've found where the best scientists are to do that particular job. 
Certainly it's important but don't ask the centers to do everything. Do here at Purdue what 
you people can do. rm not being unkind to ICRISAT, but you've got a far better critical 
mass to do this here than they have at ICRISAT. They'd have to divert a whole lot of their 
staff from what they are doing now if they were going to tackle what you're calling quality 
sorghum. Certainly it's important, but you can do it better here than they can do it there. 
That's the point rm making. 
(Gebisa) Many of the research agenda that we have jointly with centers, ICRISAT 
in particular, are productive when the division of labor is outlined ahead of time, such that 
there are items that the centers can do well and the US universities, or other university 
could do well. Part of the successful nature of the program that Dr. Larkins presented this 
week is that here is a situation where the problem has been identified and the background 
germplasm material has been also provided, such that Dr Larkin's research team is tailor 
making the technology that is available to solve an identified problem because the 
germplasm material has already been provided. US universities, other places also, probably 
are not going to continue to do germplasm development work. More and more of the effort 
is going to be slanted towards fundamental research like Dr Larkins and others are doing. 
But if ICRISAT is to withhold some of the effort that they have in nutritional quality, in 
particular protein quality research, the utility of the work that may be going on in US 
universities is not going to be as productive as it would have been if there was 
complementarity between the international centers and universities. 
(Hulse) I wouldn't debate that at all. But as we've said, the total fund for research is 
going down. 'the funds are going, and forgive me as a Canadian saying this, but 
unfortunately the US has rather set the pattern in its declining contribution to international 
development. We have followed suit. The first time in 25 years Canada cut its aid budget in 
the last budget. Mrs Thatcher has done the same thing. Kohl has done the same thing in 
Germany. The contnbution to international development is going down as a percentage of 
GNP or by any other criteria. So we're going to have to spread this load more than we did in 
the past. There has to be less duplication of effort, more cooperation amongst those that 
are capable. But I still believe that the fundamental studies are better done where you've 
got the cri?caI mass of scie.n.tists trained to do that with the resources to do i~. Also able to 
mteract WIth other uruverslties, who are, as we've heard, around here. That IS more difficult 
for the international centers who are parked in a country or in countries where they don't 
have immediate interaction. 
(Gebisa) There is one problem I see with this that funding from the US for US 
insti~?ons to support and intermingle ~th the .international agriculture research centers is 
declining ~emendously! more than the mternational agriculture research centers budgets 
are declining. It complicates the problem and I think it indicates that we, for more reasons 
than ever, need to work closer because we have less total resources. The other problem we 
have to deal with in the US is that every time the wind changes in Washington, the pressures 
on us to blow with that wind also change. I think that we're more susceptible to that than 
the donors who fund the international ag research centers. It's a big problem. 
264 
(Hulse) I don't think so, if I may say as the one who sat longer than anybody on the 
CGIAR. Look at the fashions we've gone through. You say the fashions in nutrition, look at 
the fashions in development. Integrated rural development, now we've got sustainable, 
women in development, integrated pest management, all these slogans that come out. 
F AO went for about four or five, six months Just restructuring their program to put it under 
a new set of headings. It's not only nutritiomsts. The AID commumty, and I'm m one of 
them, but we have our slogans that we shout around and they are no more meaningful than 
some of the fashions and fads that Dr Jerome mentioned. 
(Thomas) But you haven't had a Poland, a Czechoslovakia. Let me turn, in the 
interest of time, to lloyd for his comments and then we'll rap it up. 
(Rooney) I'd like to make a comment on behalf of the grain sorghum producers' 
group. Earlier at the first of the week we, or I expressed the regrets of their new executive 
vice president. Again I reiterate, I hope that, I wish that he could've been here because I 
think he would've been very, very much interested in the dehberations here, would've 
learned a tremendous amount. Now it becomes incumbent upon Bruce and some others to 
clue him in on what has happened here so that he is aware of the importance of this. But 
traditionally the producer's group, as Dr. Sullivan so aptly showed yesterday with some of his 
market development studies, showed they are interested in yield. You bet, but they are also 
interested in grain quality. Why? Because that determines the price relationship of 
sorghum to com and the ability to sell this grain in international markets. A high percentage 
of US sorghum is ~orted, so I assure you that they will be continuing to be interested in 
the development of unproved quality sorghums along with the necessary things of yield that 
Bruce has so aptly demonstrated, And right now they are trying to provide additional 
funding so that they can do this job a little bit better in the future. And when the sorghum 
farmer is faced with crop insurance that says all of a sudden, your crop is 71% the value of 
maize, that gets their attention, and that's what they are working on through legislative 
efforts. So I'm resting assured that he was interested in coming to this meeting, was 
disappointed in not being able to get here, and I think he will be a very important champion 
of these kinds of activities. The other way that one gets their attention is if you say that com 
could be improved 20 or 30%. IT sorghum isn't improved, what does that do to your 
markets? And that gets attention. 
(Thomas) Thank you, lloyd. I guess I really only have two things to do yet. One is 
to once a~ain to tell you how delighted we are that you are here and have been here for a 
few days m this important conference. It's been a tremendous experience, I know it has 
been for us , and I hope so the same for all of you who came from afar to be with us. The 
other thing I have to do is tum the meeting over to our organizer. Gebisa, its all yours. 
Thank you. 
(Gebisa) I guess the only comment that I have to make again is the comment that I 
made at the beginning of the conference, that many of you covered long distances to be here 
because you believed this was an important thing to discuss. I anticipated that it was going 
to be a great week. I enjoyed it a great deal, and from the comments that I have gotten from 
a number of you, it has been a very fruitful experience for all of us. Thank you very much. 
We will contact each and every one of you about the papers that need to be contributed for 
the proceedings. Before we adjourn I'd like to get the attention of fellow organizing 
committee members, particularly the ones from here, Dr Axtell, Dr Butler, Dr Kirleis and 
the rest of us. We need your help in getting our guests arranged to make their connections 
this afternoon. 
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(Axtell) Gebisa, did you mention to the panel members that it would be nice to have 
a written statement of their comments? I know we have this on tape, but if we could get a 
page or a couple of paragraphs. I know we talked about this a little bit, but I don't know if 
It's possible. But if they could send us a couple of pages. I know they all have notes, so it 
might be easier for them to reconstruct that than for us. And I think it's important; I guess 
I'm saying it because I think there were some good comments from the panel that we really 
would like to have in the record. 
(Gebisa) I think it would be very useful to do that. Comment is well taken. With 
that I thank you very much and the meeting is adjourned. 
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WORKSHOP RECOMMENDATIONS 
S<;>rghum quality can be il?prov~d optimally. throu~ a combin~?on of innovative. . 
pro~ssmg methods with breeding ~o unp.rove gra.tl! quality and. nu~tlOnal value ~here It IS 
praCtical to economically improve Its basIc properties. Processmg IS a key to contmued use 
of sorghum and millets as food. The current situation in Nigeria where the government has 
forced !ndustry to use sorghum for food instead of imported gr~ ~ enco~rage local 
mdustnes to develop innovative processes to convert sorghum mto highly pnzed consumer 
products. In turn, the industrial demand for sorghum will force breeders to develop and 
market sorghum varieties and hybrids with improved processing quality and nutritional 
value - for example white sorghums with tan plant color, straw colored glumes and a hard 
endosperm will be needed for some processes. In some cases, only brown sorghums will be 
agronomically acceptable to avoid attack by molds, insects, and weathering. Then, 
processing techniques will be required to convert brown sorghums into useful food products. 
This is currently accomplished in many areas where brown sorghums are treated with wood 
ashes, germinated, malted and/or used for fermented beverages. 
I. Processing: 
a. 
b. 
c. 
d. 
e. 
f. 
g. 
Develop new sorghums with improved or stable grain yields and improved 
nutritional value with enhanced attnbutes for use in traditional and industrial 
processing. 
Integrate new sorghums into traditional and evolving food systems within the 
target areas. Remember that sorghum is part of a food system that is well 
defined, but nevertheless it is changing. Thus, it is important to be aware of the 
whole system. 
Seek innovative reduced-input technology to convert sorghum into shelf stable 
foods for production by local entrepreneurs for sale in urban areas. This is a 
way of adding value to farm products and employing farm families. This can 
only happen when economics are favorable. Preparation of dry couscous, 
parboiled sorghum or millet, stable flours treated with alkali, composite weaning 
flours and other examples are possibilities. 
The whole sorghum plant is used in most areas of the world. The stalk quality 
for forage, alcohol production and for biomass should be considered. Many 
times the forage is worth more than the grain. 
More information on the relation of endosperm structure and composition to 
processing properties, and nutritional value is required. 
Methods of grading and standards of quality will need to be developed as grain 
processing increases. Inconsistent supplies of grain will be a problem if and 
when lar~e scale processes develop. The speed of these developments will vary. 
In Nigena, the need for grain standards will likely occur soon. 
Grain ,,:eathe~g ~d deterioration ~r~,,!ght on by insects, moulds, sprouting 
and therr com~mation are the most limitmg factors affecting sorghum processing 
and food quality. Information on the factors affecting mould resistance is 
required. . 
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ll. Nutritive Value: 
a. Screening sorghums for improved protein and starch digestIbility of processed 
food products. 
b. Understanding factors (molecular, biochemical) effecting protein digestIbility. 
c. Factors affecting common acceptability (chemical and physical factors). 
d. Determine what in the 1M Fraction ill is responsible for lower protein 
digestIbility. 
e. Role of physical factors in protein digestIbility. 
£. Search for reducing agents (compounds) which can be safely used in sorghum 
processing (internal or external). 
g. Is improved starch digestIbility in P721Q a function offlowy endosperm or 
altered prolamin? 
h. Examine the digestIbility of immature sorghum. 
ill. Protein Quality: 
a. Determine if QPS is the same as QPM on basis of modification. (gamma type 
prolamine). 
b. ELISA Technique to develop efficiently modified P-721. 
c. Is improved starch digestIbility in P-721 Q a function of floury endosperm or 
altered prolamin? 
d. Develop hard endosperm agronomically acceptable Quality Protein Sorghum 
with acceptable yield and agronomic quality which can be adequately processed. 
e. Use of hl variety for weaning food. 
f. Animal nutrition studies on P-721Q 
g. Develop methodology for assessing yield of P-721 modified vs. normals. 
h. Explore opportunities for incorporating genetically engineered storage maize 
protein genes in sorghum. 
IV. Tannins: 
a. 
b. 
c. 
High-tannin sorghums will continue to be grown in areas where birds and grain 
molds limit production of low tannin sorghum. 
Research should, therefore, be continued on the improvement of the nutritional 
value of these sorghums, the mechanisms of their resistance, and the 
identification and inheritance of their bird- and mold-resistant components. 
This research may contribute germplasm and natural pest control agents to the 
thrust toward lower input, more sustainable forms of sorghum production, and 
eventually, other crops. 
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V. Policy Needs: 
a. Support for 2-3 national programs to thoroughly implement and evaluate QPM 
and QPS adoption. 
b. In light of new knowledge (Congressional Office of Technology 
Assessment/Food and Agriculture Director??) AID convenes a expert panel to 
assess the need for and resources required for improved cereal protein quality 
and nutritive value (involve economists and nutritionists). 
c. The significance of improved quality cereals should be considered as part of diet 
and dietary patterns which are continually changing. 
d. Use improved cereal cultivars for food industry. Develop a newsletter for 
distnbution to national pro~ on the nutritional quality of sorghum - joint 
publication by INTSORMIJ.)lCRISAT. 
e. Cost benefit of developing a more nutritive sorghum. 
VL How to go about development work: 
a. Learn from the people. What do they do to get along? 
b. Solutions should be site specific. 
c. Initial response should be to up-grade a system now. Do not focus on long-term 
solutions. 
d. Utilize a horizontal rather than a vertical approach. Verticle approach top-
down, horizontal - integrate into system. 
e. Blend top-down and down-up partnership - community development. 
f. Long-term strategies - integrated with short term strategies. 
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